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I 
ABSTRACT 
Chemical grouting has been used in engineering projects for decades. The primary 
objectives of chemical grouting in geotechnical engineering projects are to increase the soil 
strength, to decrease the soil permeability, and to control deformations of in-situ soil. In the 
design and applications of chemical grouting, laboratory testing of chemical grouted samples is 
an important step for the feasibility assessment.   
The advantages of sodium silicate grout include high penetrability, flexible set times, and 
environmentally friendly, which makes it one of the most employed grouts in applications. 
Recently, an innovative sodium silicate, which has the silica to alkali ratio of 4.5 (S45), was 
designed and manufactured by National Silicates Inc. In this research, the performance of S45 
grout on chemical stabilization of quartz sand was investigated through three laboratory tests, 
i.e., unconfined compressive strength test, wetting-drying durability test, and hydraulic 
conductivity test. The influence of four variables, i.e., silicate concentration, curing time, setting 
agent, and gel additive CaCl2 on the behavior of silicate grouted sand was studied. The 
Environmental Scanning Electron Microscopy (ESEM) analysis was conducted to manifest the 
working mechanism of chemical grouting on sand. Moreover, the chosen tests, i.e., unconfined 
compressive strength test, and wetting-drying durability test, on conventional NS silicate grouted 
sand samples were conducted in parallel for comparison. The results show that the innovative 
S45 silicate has significantly better performance against conventional NS silicate on chemical 
grouting, in terms of strength gain and durability of silicate grouted sand.  
 
Keywords: quartz sand, sodium silicate, chemical grouting, unconfined compressive strength, 
wetting-drying durability, hydraulic conductivity, Environmental scanning electron microscopy 
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NOMENCLATURE  
S45: Ecodrill S45- sodium silicate 
NS: Ecodrill N-sodium silicate 
USCS: Unified soil classification system 
HS&E: Health, Safety, and Environment 
ASTM: American Society for Testing and Materials  
ESEM: Environmental scanning electron microscopy 
CA: Citric Acid 
Tri: Triacetin 
cP(s): Centipoise  
e: Void ratio [-] 
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d : Dry unit weight, kN/m
3 
S: The degree of saturation, %  
UCS:   Unconfined compressive strength, kPa 
WDD: Wetting-drying durability, % 
k: Hydraulic conductivity, m/s 
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CHAPTER 1 INTRODUCTION 
1.1 Background 
The modern era of chemical grouting began in 1950s (Karol 2003). Thenceforth, 
chemical grouting has been broadly employed in engineering projects. The primary objectives of 
chemical grouting in geotechnical engineering are to increase soil strength, to decrease soil 
permeability, and to control the deformations of in-suit soil (Clifton 1986; Powers et al 2007). 
More specifically, chemical grouting can be used to:  
1. stabilize weak soils,  
2. erect low-permeability grout curtains, 
3. encapsulate hazardous waste, 
4. seal seepage in mines and tunnels, 
5. facilitate the underground construction (such as subway construction), and 
6. restore the cracked dams (Ortiz 2015; Kwang 1994; Lucas et al 2011). 
Moreover, depending on the project goal, soil properties can be modified by chemical 
grouting for both short-term (e.g., tunnel excavation) and long-term (e.g., underpinning 
structures) (Gonzalez and Vipulanandan 2007). Since the application of chemical grouting is in a 
great demand (Kwang 1994), it has been the subject of a large number of research activities 
(Christopher et al 1989; Vipulanandan and Krizek 1986). In general, the design and utilization of 
chemical grouting technique have been mainly based on the engineers’ experience, trial-and-
error, case history, and evaluation of the grouted soil in laboratory scale tests.  
According to Karol (2003), the Grouting Committee, Geotechnical Engineering Division 
of the American Society of Civil Engineers provided the definition of grout as: “in soil and rock 
grouting, a material injected into a soil or rock formation to change the physical characteristics of 
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the formation” (Karol 2003). The first chemical grout was the concentrated sodium silicate, 
patented by Jeziorsky in 1886. After that, sodium silicate has been extensively employed in 
chemical grouting projects. Several advantages such as high penetrability, flexible set times, and 
environmentally friendly, make it one of the most utilized grouts. With the development of 
manufacturing techniques, new types of silicate grout are produced. Recently, a new innovative 
sodium silicate, which has the silica to alkali ratio of 4.5, was designed and manufactured by 
National Silicates Inc. Since the silica to alike ratio controls almost all the properties of sodium 
silicate, the innovative sodium silicate is expected to perform differently in chemical grouting 
comparing to conventional sodium silicates.  
The study is devoted to investigating the behavior of sand treated by high ratio sodium 
silicate. Laboratory scale tests are conducted to study the performance of the sodium silicate 
grout with a weight ratio of 4.5. In addition, the influence of four parameters, i.e., silicate 
concentration, curing time, setting agent, and additive CaCl2, on the behavior of silicate grouted 
sand are investigated. The performance evaluation includes the properties such as unconfined 
compressive strength, wetting-drying durability, and hydraulic conductivity of the sodium 
silicate treated sand. This study provides information much needed on the utilization of chemical 
grouting.  
 
1.2 Research objectives 
The main objective of this study is to characterize the behavior of a clean quartz sand 
grouted by the sodium silicate. The influence factors on the behavior of silicate treated sand are 
studied. The specific objectives are: 
 To characterize the quartz sand used in this study; 
 
 
3 
 To characterize chemicals used in this study; 
 To test the behavior of silicate grouted sand samples in terms of the unconfined compressive 
strength test, wetting-drying durability test, and hydraulic conductivity test. 
 To analyze and compare the effectiveness of sodium silicate grout with weight ratio 4.5 and 
conventional sodium silicate grout with the weight ratio 3.2.  
 To observe the influence of four variables on the behavior of grouted sand, including silicate 
concentration, curing time, setting agent, and gel additive CaCl2.  
 To understand the microstructure changes of quartz sand after silicate grout treatment through 
microscopic study.  
 
1.3 Organizations of thesis 
This thesis contains five chapters,  
Chapter 1 provides an introduction of the thesis, including the study objective, thesis outline, and 
original contributions; 
Chapter 2 presents a comprehensive review of chemical grouting. The manufacture, basic 
properties, and Health, Safety, and Environment (HS&E) characteristic i.e., bioaccumulation 
potential and biodegradability effect of sodium silicate are explained. Moreover, the working 
mechanism and influential parameters of chemical grouting are illustrated. Furthermore, the 
permeability of silicate grouted sand, the soil groutability, and two representative case studies of 
chemical grouting are reviewed. 
Chapter 3 describes the properties of untreated sand and chemical stabilizers. The procedure for 
preparing the grout solution and grouted samples is introduced, and the methodologies for 
measuring the properties of untreated sand and silicate grouted sand are explained.  
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Chapter 4 discusses the laboratory test results of silicate treated sand. The behavior of the 
grouted samples, which are subjected to the unconfined compressive strength test, wetting-
drying durability test, and hydraulic conductivity test, is presented. The performance of sand 
samples using two sodium silicate grouts are compared. The influence of factors, including the 
silicate concentration, curing time, setting agent, and gel additive CaCl2, on the behavior of 
grouted samples, are quantified. 
Chapter 5 presents a summary of the thesis, conclusions and recommendations for further 
research. 
Appendix A includes the detail properties of all silicate grouted samples (volume, moisture 
content, bulk unit weight, dry unit weight, void ratio, and degree of saturation), Appendix B 
includes the original data of unconfined compressive strength tests, Appendix C includes the 
original data of wetting-dying durability tests; and Appendix D includes the results of hydraulic 
conductivity tests.   
 
1.4 Original contributions  
The original contributions of this study are as follows: 
 Evaluating the effectiveness of a new sodium silicate product with the weight ratio 4.5 on 
chemical grouting,  
 Measuring the influence of influencing parameters of the grout in chemical treatment of a quartz 
sand, including the silicate concentration, curing time, setting agent, and gel additive CaCl2, and  
 Analyzing the microstructure of chemical grouted sand for the understanding of mechanism in 
chemical grouting on sand and knowledge enhancement.  
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CHAPTER 2 LITERATURE REVIEW 
2.1 Introduction 
In this chapter, a comprehensive review on chemical grouting is presented. In Section 
2.2, the sodium silicates are introduced, including manufacturing process and basic properties. 
The gelation process of sodium silicate is described briefly, followed by the HS&E (Health, 
Safety and Environment) review of sodium silicate.  
In Section 2.3, the working mechanism of chemical grouting and the behavior of 
chemical stabilized sand are reviewed, including the influential parameters, which mostly affect 
the behavior of silicate treated sand (Christopher et al. 1989). In addition, the permeability and 
chemical resistance of silicate grouted sand, as reported in the literature, are presented. 
Section 2.4 presents the performance of chemical grout of different soils using two 
criteria, i.e., soil grain size and initial permeability.  
Two chemical grouting case studies are presented and discussed in this chapter as well. 
The first one is a field trial in Edmonton, Alberta. This project was designed to evaluate the 
effectiveness of chemical grouting for the in-site soil. The other chemical grouting was carried 
out to provide a temporary support for a tunnel excavation in the City of Oakland, California. 
Both cases verified the applicability and effectiveness of silicate grout.  
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2.2 Sodium silicate  
2.2.1 Manufacture and properties of sodium silicate 
2.2.1.1 Manufacturing process and weight ratio of sodium silicate 
Sodium silicate is a chemical product used in many industries. In geotechnical 
engineering, it has been served as a chemical grout for decades. Sodium silicate is generally 
consisted of silica, sodium oxide and water. The formulation can be described as xSiO2 :Na2O (x: 
molar ratio of SiO2: Na2O).  Since the molecular weights of SiO2 (60) and Na2O (62) are nearly 
equal, the molecular ratio normally represents the weight ratio of SiO2: Na2O. In addition, by 
changing the proportion of silica sand and soda ash during the manufacturing processes, various 
weight ratios can be obtained. Almost all characteristics of sodium silicate are determined by the 
ratio of SiO2:Na2O. The silica (SiO2) content governs the mechanical behavior of the gel, an 
increase in silica results in a stronger gel. The neutralization of alkali component controls the 
form of the gel. The silicate viscosity and density are dependent on the total solid contents 
(%SiO2 + % Na2O) (Littlejohn et al 1997; PQ Corporation 2004; McDonald et al 2017a). 
Previous research has shown that silicates are a complex mix of silicate molecules (e.g., 
monomer, dimers, trimers, oligomers, chains, rings of silicate anions, etc.). An increase in the 
weight ratio can lead to a corresponding increase in the molecular size. Nordstrom et al (2013) 
demonstrated that the weight ratio influenced the size, shape, internal structure, molecular 
structure distribution, and degree of silica condensation, as presented in Figure 2.1. More 
specifically, low molecular weight species (monomers) tended to decrease in number and the 
silica started to form clusters when the weight ratio was risen from 3.3 to 8.9 (McDonald and Li 
2017; Nordstrom et al 2013).  
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The history of chemical grouting has proven that as the chemical grout, the sodium 
silicate with the weight ratio 3.2 performed better than that with the weight ratio 2.2 when all 
other factors remained the same (setting agent, soil properties, grouting technique etc.) 
(McDonald et al 2017b). Thus, it is anticipated that a further increase in the weight ratio may 
lead to better grouting performance. However, due to the temperature restriction in conventional 
manufacturing process, the highest weight ratio of sodium silicate for chemical grouting was 3.2 
(±0.2). If the higher ratio sodium silicate was attempted through the conventional process, the 
silicate glass and water will separate (Littlejohn et al. 1997; McDonald et al 2017a).  
Two commercial manufacturing processes have been verified as the dominant methods 
for sodium silicate production, i.e., the furnace process and the hydrothermal process. In the 
furnace process, which is the more common one, the predetermined amount of high purity silica 
sand and soda ash are fused to form sodium silicate lumps. Following this, silicate glass can be 
produced by dissolving silicate lumps into water. Finally, the silicate solution is created by 
combining silicate glass and water (PQ Corporation 2004). A temperature of 1200 to 1400 ℃ is 
required for a complete fusion (Littlejohn et al 1997; PQ Corporation 2004; McDonald et al 
2017a).  The reaction is given as follows (PQ Corporation 2004; McDonald et al 2017a) 
 
Na2CO3 + SiO2 → (SiO2)x·(Na2O)  + CO2 ,   x = 1.6 to 3.4                                                      (2.1) 
  
In the hydrothermal process, a furnace is not required. Silica is directly attacked by caustic, 
namely, dissolving silica sand into alkali hydroxide. This method is only used to produce low 
ratio silicates (McDonald et al 2017a). In this process, elevated temperatures and pressures are 
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needed in autoclaves (Littlejohn et al 1997). The reaction is given as follows (PQ Corporation 
2004; McDonald et al 2017a) 
 
 NaOH + SiO2 → (SiO2)x·(Na2O)  + H2O  ,    x = 1. to 2.5                                                       (2.2) 
 
In order to break the weight ratio limitation, a new manufacturing method was developed by 
National Silicates Inc. A series of weight ratios ranging from 4.0 to 12.0 were tested and studied. 
The results indicated that by balancing the factors of reactivity, stability, and ease in 
manufacturing, the most suitable weight ratio is 4.5 for an innovative sodium silicate product 
(McDonald and Li 2017). Compared to the conventional sodium silicate (weight ratio 3.2), the 
innovative sodium silicate (weight ratio 4.5) has following features:  
1. Lower alkalinity with higher weight ratio, 
2. Remarkably larger silicates molecules (The average molecular weight is twice the weight of 
conventional silicate, as shown in Table 2.1), 
3. Lower charge density, and 
4. Lower viscosity.  
A detailed comparison of properties of the conventional sodium silicate (weight ratio 3.2) and 
the innovative sodium silicate (weight ratio 4.5) is presented in Chapter 3. 
  
2.2.1.2 Viscosity of sodium silicate 
Among all the properties of a grout, the viscosity and gel time are two critical factors, 
since they are related to the rate and extent of penetration. Viscosity, of which the unit is 
centipoise (cP), is defined as the behavior of a fluid’s resistance to flow (Guyer 2015). One of 
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the most distinct properties of sodium silicate is its low viscosity, which controls its application 
in different soils (Guyer 2015; McDonald et al 2017a). Silicate solution viscosities can vary over 
a range of 1.5-80 cP (Krumrine and Boyce 1985).  
The solid content and weight ratio of a sodium silicate decide its viscosity. Previous 
studies demonstrated that when the solid content is kept constant, the viscosity increases with an 
increasing of SiO2: Na2O ratio. On the other hand, under a constant weight ratio, the silicate 
viscosity increases with an increase in the solid content (Littlejohn et al 1997). For the silicate 
based grout, the viscosity is associated with the silicate concentration, setting time, and 
temperature (Littlejohn et al 1997; Powers et al 2007). Karol (2003) quantified the relation 
between grout viscosities and silicate concentrations, as shown in Figure 2.2, which shows the 
higher the silicate concentration leads to more viscous the grout. It should be noted that the 
sodium silicate presented in Figure 2.2. is the conventional sodium silicate (weight ratio 3.2); the 
viscosity of the sodium silicate with the weight ratio 4.5 is illustrated in Figure 2.3 (McDonald et 
al 2017a). The viscosity of chemical grouts develops with time until the gel forms, which is 
known as the setting time (Littlejohn 1983; Guyer 2015). The viscosity changing with setting 
time has been verified by many researchers (Ortiz 2015; Powers et al 2007). In some chemical 
grouts, the viscosity increases with time until the gel forms, whereas in others, the viscosity 
remains constant for a relatively long time, then increases abruptly and rapidly, forming gel, as 
exhibited in Figure 2.4.1 and Figure 2.4.2 (Powers et al 2007). The most ideal situation of 
viscosity changing for chemical grouting application was the latter one, as demonstrated by 
Powers et al (2007), and PQ Corporation (2003). Furthermore, temperature can affect the grout 
viscosity as well, i.e., the increase in temperature leads to the decrease of silicate grout viscosity, 
as shown in Figure 2.5 (Ortiz 2015; Powers et al 2007).  
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Guyer (2015) studied the relation between grout viscosity and penetration effectiveness. 
For chemical grouts with viscosities less than 2 cP the penetration normally can be applied 
successfully and effectively for the soil with permeability as low as 1x10-6 m/s; for soil with 
permeability greater than 1x10-4 m/s, the grout with viscosity of 10 cP was applicable (Guyer 
2015). 
 
2.2.2 Gelation process of sodium silicate   
The gelation process of sodium silicate has been studied in previous studies (Krumrine 
and Boyce 1985; Pham 2013). In general, the development of polymerization can be explained as 
three simultaneous processes:  
1. Small silicate species form higher order oligomers, 
2. The intramolecular condensation of silanol groups within the polymers leads to ring 
closure and eventual particle formation, and 
3. The aggregation of silica particles form chains and microgels. 
A simplified polymerization configuration is illustrated by Bol et al (1998), as presented 
in Figure 2.6.   
A setting agent, which can be organic, inorganic or a combination of both, is normally 
used with sodium silicate to initiate the reaction. The most common organic setting agents 
include: Ethyl Acetate, Dibasic Ester, and Triacetin. And the prevailing inorganic setting agents 
are Calcium Chloride, Calcium Hydroxide, Carbon Dioxide, and Calcium Oxide.  (Schiffman 
and Wilson 1956; Anagnostopoulos et al 2011; PQ Corporation 2003).  
For organic setting agents, gelation of sodium silicate is achieved by pH modification. 
According to PQ Corporation (2004), when the pH value is dropped below 10, gel will be 
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triggered (PQ Corporation 2004). Compared with inorganic setting agent, the most remarkable 
advantage of organic setting agent is its flexible gel time. When an organic setting agent is added 
to the silicate solution, a hydrolysis process is triggered, where the active components are 
transformed into carboxylic acid. Moreover, this hydrolysis process develops slowly; therefore 
the organic setting agent can provide a slow gel rate. Furthermore, adding inorganic additives 
such as CaCl2 into the system can accelerate gel time. (Littlejohn et al 1997; Krumrine and 
Boyce 1985). The hydrolysis process is given below: 
 
RCHO + OH- →RCO-2 +H+                                                                                                                                                          (2.3) 
R(CO)NH2 +OH
- →RCO-2 + NH3                                                                                                                                            (2.4) 
RCO2R
1+OH- → RCO-2 + R1OH                                                                                               (2.5) 
 
After the hydrolysis process, acid will consume the alkali component of silicate, leading 
to gel formation. In other words, the alkali component of silicate maintains a pH value at which 
silica can be dissolved. Once the alkalinity is neutralized by acid, silica solubility is reduced; 
consequently, gel formation or polymerization occurs. The condensation process forming 
siloxane bonds for gel occurrence is given as follows (Krumrine and Boyce 1985): 
 
SiO- + H+  SiOH                                                                                                              (2.6) 
SiO- + SiOH → Si-O-Si + OH-                                                                                                                                                    (2.7) 
 
More specifically, it can be explained as (Wang 2017): 
 
¬ ®¾
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                               (2.8) 
 
Although using organic setting agents can provide a flexible gel time, its disadvantage 
must be taken into consideration: organic setting agents can only produce the gel with relatively 
weak strength. The highest strength of gel is achieved by using inorganic setting agents 
(Krumrine and Boyce 1985). The prevailing inorganic setting agents are Calcium Chloride; 
Calcium Hydroxide; Carbon Dioxide; Calcium Oxide etc. These compounds can also serve as 
additives in the organic setting agent. For inorganic setting agent, the formation of gel is the 
result of a precipitation process. Dissolved polyvalent cations, such as Ca2+, Al3+, and Mg2+, react 
with silicate to produce silicate gel by the metal ion reaction (Ma et al 2015; Wang 2017; PQ 
Corporation 2004). One example is the reaction between sodium silicate and calcium chloride, 
which can produce hydrated calcium silicate. The reaction is given as follows (Ma et al 2015; 
Wang 2017): 
 
                                        (2.9) 
 
Inorganic setting agents such as calcium chloride reacts instantaneously with silicate; 
therefore the gelation occurs rapidly. The combination of organic setting agents and inorganic 
setting agents can reach a balance that both desired gel time and grout strength are achieved.  
As mentioned before, gel time is another critical parameter for chemical grouting. 
Generally, gel time can be defined as the time interval from mixing all chemical solutions to the 
mixture chemical solution reaching a certain viscosity (transform into solid) (Ortiz 2015; 
Benltayf 1981; Clifton 1986; Krumrine and Boyce 1985). The gel time relies on factors such as 
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the properties of sodium silicate, sodium silicate dilution, and the properties of setting agent. In 
addition, the ground chemistry, ground water pH. and temperature will affect the gel time 
(Littlejohn et al 1997; Ortiz 2015; Guyer 2015; Krumrine and Boyce 1985). For example, for a 
given pH value, the gel rate increases with an increase of SiO2 proportion in sodium silicate. 
Furthermore, in field applications, the change of weather and ground temperature may be the 
biggest challenge for gel time control (Krumrine and Boyce 1985). Previous researchers have 
demonstrated that a desired gel time is significant for chemical grouting application (Bell 1993; 
Karol 2003; Ortiz 2015). Firstly, extended gel time is needed to ensure that gel will not form in 
the grouting equipment, causing clogging. Secondly, gel time is associated with the capability of 
grout penetration, and affects the effectiveness of chemical grouting (Guyer 2015; Ortiz 2015). 
Because of these considerations, gel time is one of the decisive factors for selecting the grouting 
process. The one-solution process (mix silicate solution and reactants thoroughly in grouting 
equipment; then, inject the mixture chemical grout into the soil), which has several advantages 
including the uniform gel formation and better gel distribution control, can be implemented when 
the gel time is long enough (Guyer 2015; US Army Corps of Engineers 1995).  
 
2.2.3 HS&E (Health, Safety and Environment) 
Environmental safety is a significant factor for chemical grouts. Some grouts were 
banned because of their potential toxicity. One example is Acrylamide-based solutions, which 
were extensively applied in engineering projects from 1955 to 1978, and banned in Japan after 
the evidence that it was associated with several neural disorder cases in Japan (Clifton 1986).  
Sodium silicate has been verified as the inorganic and environmentally benign grout, 
which makes it one of the safest grouting materials (Ortiz 2015; Clifton 1986; Guyer 2015; 
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McDonald et al 2017a). According to a detailed report, the HS&E characteristics of sodium 
silicate can be summarized as  
1. Not combustible, self-igniting, or explosive; 
 2. When the weight ratio (SiO2 : Na2O) is greater than 3.2, there is no hazardous water 
regulation;  
3. No bioaccumulation potential or biodegradability effect; 
4. No mutagenicity, teratogenicity or carcinogenicity effect; 
5. Approved as drinking water additives up to 100 ppm.  
The toxicological behavior of soluble silicate is dependent on solution alkalinity instead 
of silicate species. Consequently, the HS&E performance of sodium silicate is a significant 
function of the weight ratio, which controls the alkalinity of sodium silicate. If the alkali in 
sodium silicate can be reduced, the sodium silicate will be more environmentally friendly (CEES 
2004). Compared to conventional sodium silicate (weight ratio 3.2), the high ratio sodium 
silicate (weight ratio 4.5) reduces the amount of sodium basis by 50%; in other words, it has 
much better HS&E performance. Another environmental concern of silicate-based grouts is the 
use of setting agent. The setting agents employed in this study are citric acid and triacetin, both 
of which have successful tracking records showing excellent HS&E characteristics. For example, 
both citric acid and triacetin are accepted as food additives (McDonald et al 2017a).  
 
2.3 Chemical stabilization on sand   
2.3.1 Mechanism and behavior of chemical stabilized sand 
The working mechanisms of soil stabilization by chemical grouting have been discussed 
in previous studies (Schiffman and Wilson 1956; Gonzalez and Vipulanandan 2007; 
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Vipulanandan and Krizek 1986; Bell 1993; Karol 2003). Schiffman and Wilson (1956) proposed 
four hypotheses of working mechanisms for soil stabilization by chemical grouting:  
1. Only a continuous matrix is formed by grouts; therefore, the ultimate behavior of 
stabilized mass is essentially dependent on the properties of the chemical, original soil does not 
contribute to the response of mechanical forces;  
2. The grout develops a new characteristic of soil surface, which leads to the alternation 
of soil particles interaction mechanism;  
3. The grout does not contribute to anything but filling the soil void;  
4. Individual soil particles are bound together by the chemical adherence property, which 
develops internal force restraint in the chemical-soil system; meanwhile, grout constrains the 
deformation of the entire system by filling soil voids (Schiffman and Wilson 1956). In most of 
the cases, soil stabilization by chemical grouting is attributed to the 4th mechanism (Schiffman 
and Wilson 1956; Karol 2003). 
Furthermore, Vipulanandan and Krizek (1986) illustrated the constituents in the 
chemical-soil system, as presented in Figure 2.7. 
1. Particle voids are filled by grout,  
2. The grout binds individual particles together, 
3. The soil grain is coated by chemical grout; thus, modify the soil particles interaction 
characteristic (Vipulanandan and Krizek, 1986; Schiffman and Wilson 1956).  
However, many researchers have questioned if the silicate grout can change soil friction 
resistance: Skipp and Renner (1963) demonstrated that the silicate grout did not alter the internal 
friction angle of soil (Skipp and Renner 1963; Benltayf 1981). The same result was confirmed by 
Konzen (1978) and Clough (1979) that the grouting of silicate solution purely imported the 
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cohesion into the mass; with respect to the internal friction angle, no difference was found 
between grouted and ungrouted sands (Clough 1979; Konzen 1978). A number of other studies 
also supported the claim that silicate grouts changed soil strength only by imparting cohesion 
into the mass; whereas, it did not have any effect on friction resistance (Farmer 1974; Borden et 
al. 1982; Ata and Vipulanandan 1999).  
The deformation behavior of chemical stabilized sand has been studied by Benltayf 
(1981), and Vipulanandan and Krizek (1986). Vipulanandan and Krizek (1986) evaluated the 
response of a system consisted of silicate grout and quartz sand under compression tests. In the 
study, the chemical-sand response for compression stress was simulated by a rigid rock and 
silicate grout; then, the sample was subjected to a compression loading, as shown in Figure 2.8. 
For one inclusion test, the stress-strain curve was liner in the initial stage until the first crack 
occurred. A finite element investigation indicated that the first crack occurred as a result of the 
particle-grout debonding. The first crack (80% of the failure strength) near the interface of 
chemical-sand lead to the starting of nonlinear stress-strain relationship. As the stress increased 
further, more cracks occurred near the interface until the sample failed, as shown in Figure 2.8. 
For the two-inclusion system (two rigid rock and silicate grout), the first matrix cracking was 
found adjacent to the interface between one inclusion and the grout when peak stress was loaded 
at the sample; then, the cracking propagated in the region of individual inclusions, as shown in 
Figure 2.9. At the post-peak unloading, more cracks occurred between the two inclusions.  
The results of triaxial tests on grouted sand are limited since the unconfined compressive 
strength was used as the strength indicator of chemical grouted soil (Christopher et al 1989). 
Nevertheless, according to Benltayf (1981), a more realistic evaluation of the behavior of 
chemical treated sand could be obtained by conducting the triaxial test. According to the 
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conclusion drawn by Benltayf (1981), in the initial stage of loading, grout dominates the 
behavior of the entire system in addition to the frictional resistance of soil grains, which leads to 
an elastic deformation; in other words, the value of the shearing resistance due to cohesion 
attains the highest value at a low axial strain; then, it starts decreasing with the increasing of 
loading until the failure occurs. The frictional resistance rises constantly through the entire 
process. After reaching the maximum cohesion, the frictional resistance controls the behavior of 
sample. Sample failure occurs at the point where the sum of the grout cohesion and frictional 
resistance reaches the maximum (Clough et al 1979; Benltayf 1981). For the post-peak unloading 
process, the existence of gel prevents soil particles from readjusting; and consequently, a crack 
gradually forms from the sample inside to the outside surface (Vipulanandan and Krizek 1986). 
Therefore, the failure of chemical grouted sand is a progressive and continuous process 
(Schiffman and Wilson 1956). 
 
2.3.2 Influential parameters on chemical stabilized sand  
It has been well-established that the effectiveness of chemical grouting is dependent on 
factors such as the initial soil conditions, sodium silicate properties, selection of setting agents, 
and grouting techniques. Christopher et al. (1989) classified these factors into three groups. The 
factors in the first group have a substantial influence on the behavior of chemical treated sand, 
including the grain size, particle-size distribution, curing time and curing condition. The effect of 
the factors in the second group is less pronounced but also significant, which consists of molding 
technique, molding method and strain rate. Other factors have little influence on the behavior of 
chemically treated sand (Christopher et al. 1989). Therefore, the effects of grain size, particle-
size distribution, and curing time in grouting are reviewed in this chapter.  
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2.3.2.1 Grain size and particle-size distribution 
Most researchers agreed that the strength of grouted sand decreases with the increase of 
effective grain size (Karol 2003; Christopher et al 1989; Schiffman and Wilson 1956). In 
general, finer particles, more bonding interaction surface between soil particle and chemical 
grout, higher internal tension in the grouted soil. Clough et al (1979) concluded that the strength 
of chemical treated fine sand was considerably higher than that of medium sand (Clough et al 
1979; Christopher et al 1989).  
The common relation between soil gradation and the strength of stabilized soil is that the 
better soil gradation results in the higher strength of grouted soil, due to more interaction surface 
for bonding. Consequently, grouting is less effective in uniform sands (Christopher et al 1989).  
However, an exceptional contradiction was reported by Schiffman and Wilson (1956), who 
demonstrated that after chemical treatment, three-sieve sized soil had higher strength than six-
sieve sized soil which had better gradation. One possible reason for this result was the 
segregation effect. In Schiffman and Wilson’s study, six-sieve sized soil was segregated into 
different particle-size bands as shown in Figure 2.10; therefore, the failure characteristic was the 
property of the weakest soil band instead of the behavior of total soil (Schiffman and Wilson 
1956). Furthermore, Schiffman and Wilson (1956) believed that soil fineness affected more on 
the strength of chemical grouted sand than gradation did (Schiffman and Wilson 1956). 
However, other researchers held the different opinion. Warner (1972) demonstrated that grain 
size was not a remarkable parameter affecting the strength of chemical grouted sand compared 
with gradation. Ozgurel and Vipulanandan (2005) illustrated that in poorly graded soils, the 
strength of chemically stabilized sand depended more on its coefficient of uniformity than its 
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effective grain size D10 (Ozgurel and Vipulanandan 2005; Ortiz 2015). Christopher et al (1989) 
explained that the grain size distribution had more influence on the behavior of chemical grouted 
sand than the grain fineness (Christopher et al 1989).  
 
2.3.2.2 Curing time and aging effect 
The time interval that allows the gel to set is defined as the curing time. For grouted sand, 
the influence of curing time is associated with syneresis, which is defined as the process that 
water is extruded from the gel, resulting in shrinkage (Schiffman and Wilson 1956; Clifton 1986; 
Ortiz 2015). According to Littlejohn et al (1997), the degree of grout syneresis, which is 
measured by the ratio of expelled water volume to the initial grout volume, relates to several 
factors, such as weight ratio of silicate, silicate concentration, and the volume of setting agent 
(Littlejohn et al 1997).  
In a grout -soil system, syneresis typically initiates from the center of gel; then, the 
broken gel, where the shrinkage force overwhelms the bond strength, will propagate through the 
system as more water is driven from the gel, as shown in Figure 2.11. Finally, the capillary force 
lead to equilibrium of the entire system. Moreover, since the soil particle configuration restrains 
the bond from shortening, the influence of syneresis in the stabilized soil is equal to yielding 
extensional strains in the system. The chemical structure of gel controls the strength of capillary 
force, as shown in Figure 2.12. More specifically, with the shrinkage of gel, the decrease of 
radius (R) leads to the increase of capillary force. It should be noted that when the shrank gel re-
saturates, the unbroken bond will absorb water, softening and expanding; hence the internal 
capillary forces decreases correspondingly. On the contrary, the cracked bond cannot be repaired 
with re-saturation, as Figure 2.13 illustrates (Schiffman and Wilson 1956).  
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For the grouted soil mass, soil particle size considerably affects the shrinkage and 
syneresis. Researchers have demonstrated that the degree of shrinkage in grouted soil is much 
less than that in pure gel (Littlejohn et al 1997; Schiffman and Wilson 1956). Moreover, 
according to Karol (2003), the shrinkage of chemical treated medium-fine sand is much less than 
that of grouted coarse-grained soils, as shown in Figure 2.14. The unbalanced capillary force 
leads to the change of mass volume when soil particles in the system are free to move. In 
contrast, the internal shrinkage stress is repelled by grout-particle bonding when the movement 
of particles is restrained by soil configuration; therefore, the mass volume does not change 
(Littlejohn et al, 1997; Schiffman and Wilson 1956). Furthermore, Schiffman and Wilson (1956) 
have demonstrated that the gel shrinkage indeed occurred in the grouted sand even though 
neither sample volume nor water displacement in the system can be measured (Schiffman and 
Wilson 1956). Benltayf (1981) verified this result and suggested that the extent of syneresis in 
grouted sand could be indirectly measured by the change of sample permeability for different 
curing periods.   
In addition to syneresis, the chemical reaction rate is another factor associated with the 
curing time. Since the chemical reaction rate is dependent on many factors, such as the properties 
of grout, setting agents and gel additives, the ultimate curing time varies from one case to 
another. Benltayf (1981) observed that the maximum unconfined compressive strength was 
achieved in three days. Woodward-Clyde Consultants (1979) demonstrated that the unconfined 
compressive strength of sodium silicate treated sand did not vary from 2 days to 100 days. 
Christopher et al (1989) reported that the highest unconfined compressive strength was observed 
in 7 days. Porcino et al (2016) reported that the strength of grouted sand stopped developing after 
28 days. Clough et al (1979) observed that the strength of chemical treated sand was increasing 
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constantly for 222 days (Woodward-Clyde Consultants 1979; Benltayf 1981; Christopher et al 
1989; Porcino et al 2016; Clough et al 1979).   
 
2.3.3 Permeability of chemical stabilized sand  
Studies have concluded that chemical grouting can alter the permeability of sand 
remarkably. The general explanation is that for untreated sand, sand grains are unconnected with 
large pores; whereas, after grouting treatment, voids are filled with chemical grout, which leads 
to a significant reduction of soil permeability. Generally, through sodium silicate grouting, the 
permeability of grouted soil is three to six orders of magnitude lower than that of the original 
soil. For example, Porcino et al (2016) reported that after treated with silicate grout, the 
permeability of medium-fine sand was reduced to 10-9 m/s (Benltayf 1981; Krumrine and Boyce 
1985; Porcino et al 2016; Little John 1985; Anagnostopoulos et al 2011).  
The chemical grouting for water-cutoff has been broadly applied in engineering projects, 
such as cutoff under dams, sealing tunnels and mines (Kitchens 1980; Littlejohn 1983; Bodocsi 
and Bowers 1991). Thus, the soil permeability modification is an important application for 
chemical grouting. One of the most magnificent grouting cut-off projects is the Aswan Dam 
(Littlejohn 1983). In this project, the permeability of the soil that mainly consisted of sand and 
gravel, was reduced from 2.5x10-4 to 2.3x10-6 m/sec (Littlejohn 1983).  
The performance of chemical grouting on soil permeability modification is associated 
with grout properties, syneresis, curing time, and flowing water conditions, i.e., hydraulic 
gradient. Many researchers have confirmed that the permeability of chemical grouted sand 
increased with curing time. This result can be explained as: after chemical treatment, the volume 
of solidified grout in the chemical-soil system decreases with curing time as a result of a unique 
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physio-chemical process (Rhone-Progil 1973; Tallard and Caron 1977; Benltayf 1981). 
According to May et al (1986) the residual permeability is 1to 2 order of magnitude higher than 
that of initial grouted soil permeability. Benltayf (1981) reported that a permeability increase of 
one order of magnitude was found over a 28-day curing time, as shown in Figure 2.15 (May et al 
1986; Benltayf 1981).  
Chemical resistance is an important and unique nature of sodium silicate (Bodocsi and 
Bowers 1991). Environmental engineers have applied chemical grouting in hazardous waste 
control. Contaminants can be prevented from moving to the surround soil or ground water by 
injecting chemical grout, forming a continuous low-permeability barrier. Chemical grouting is 
considered as the most cost-effective remediation for hazardous waste control (May et al 1986). 
For example, a 26-meter deep by 820-meter long grout curtain was constructed in Niagara Falls, 
New York, which successfully prevented the drinking water from being toxically polluted by a 
hazardous waste facility (Gazaway, 1991; Ortiz 2015).  May et al (1986) tested chemical 
resistance of four grouts, including acrylate, silicate, urethane and portland cement. In May et 
al’s investigation, 12 simulated waste solutions were employed, including acids, bases, fuels and 
organic solvents (potassium chromate, hydrochloric acid, ammonium hydroxide, sodium 
hydroxide, ammonium chloride, copper sulfate, benzene, gasoline, oil, phenol, toluene and 
trichloroethylene). Of all the grouts tested in the study, sodium silicate exhibited the least 
interaction with chemical waste; in other words, sodium silicate had the best resistance to 
chemical waste (May et al 1986). The same results were reported by Bodocsi and Bowers 
(1991). The chemical resistance of four grouts, including acrylate, urethane, sodium silicate and 
Pene-grout were measured by permeating grouted samples with common chemical wastes. As 
exhibited in Figure 2.16, the permeability of sodium silicate grouted medium-fine silica sand was 
 
 
25 
around 5x10-5m/s when tested with deionized water. For grouted samples, which were penetrated 
by 100% ethylene glycol, 100% acetone and the real-site paint waste, the permeability changes 
were trivial. The only chemical waste that caused a rise in the permeability of the grouted 
samples was 100% xylene, causing the permeability of sample changing from 9.3x10-8 cm/s to 
1.5x10-5 cm/s. As a result, it was concluded that the chemical waste had minimum detrimental 
influence on the silicate grouted samples (Bodocsi and Bowers 1991).  
In sum, chemical grouting with sodium silicate can significantly reduce the soil 
permeability, up to k=10-9 m/s in silicate treated sands. Sodium silicate exhibits good chemical 
resistance. On the other hand, it should be noted that the soil response for external mechanical 
loading may change as a result of soil permeability reduction (Benltayf 1981).  
 
2.4 Groutability of soil with chemical grout  
The groutability of soil is a function of many factors, such as the soil initial permeability, 
grout viscosity, soil particle size, and injection pressure (Powers et al 2007; Guyer 2015; Ortiz 
2015).  Among all these factors, two soil parameters have been widely studied for grout 
penetration and viewed as soil groutability criteria: soil initial permeability and particle size.  
Baker (1982) proposed guidelines for soil groutability regarding the soil initial 
permeability. The soil with permeability between 1x10-3 and 1x10-5 m/s is readily groutable; the 
soil with permeability between 1x10-5 and 1x10-6 m/s is marginally groutable; and the soil with 
permeability lower than 1x10-7 m/s is ungroutable, as shown in Figure 2.17 (Baker 1982; Powers 
et al 2007). As seen, the soil with permeability as low as 1x10-5m/s can be effectively grouted by 
silicate based grout.   
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According to Powers et al. (2007), although the soil initial permeability is an effective 
index for soil groutability, it has inherent disadvantages. For example, two soils, such as silty 
sand and a silt with coarse sand layers, may have the same permeability; however, their 
responses to grout can be different (Powers et al 2007). Consequently, another soil groutability 
criterion involving soil grain size is proposed, as presented in Figure 2.18. “The soil with less 
than twelve percent passing No. 200 sieve (74 micro-meter) are well-groutable; The soil with 
twelve to twenty percent passing No. 200 sieve are moderately-groutable; whereas, the soil with 
more than twenty five percent passing No. 200 sieve are poorly-groutable” (Powers et al 2007). 
This result was further confirmed by Porcino et al (2016) that chemical grouting can be applied 
in fine sand or sand with a low percent of silt (Porcino et al 2016). It should be noted that the soil 
groutability with sodium silicate grout discussed in this chapter is based on the properties of the 
conventional sodium silicate (weight ratio 3.2). Furthermore, Ortiz (2015) indicated that the 
moisture in soil could affect the capability of grout penetration, which involves the suction issue 
of the soil particle (Abraham, 2006; Ortiz 2015).  
Finally, according to Baker (1982), failing to locate the ungroutable soil in the grout zone 
is one of the most frequent reasons for the failure of chemical grouting (Baker 1982). 
Consequently, a thorough in-suit soil permeability investigation and grain size analysis are 
essential for the feasibility of chemical grouting.  
 
2.5 Case Studies 
Two chemical grouting projects are reviewed in detail in this section. The first project 
was conducted in Alberta and reported by Brachman et al. (2004). In this project, the uniformity 
of silicate grout penetration and improvement of soil strength by silicate grout treatment were 
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evaluated through a field grouting trial test. The second project, reported by Heenan and Xu 
(2012) was the application of silicate grout to facilitate a tunnel excavation in Oakland, 
California.  
 
2.5.1 Grout field trials in outwash sands (Brachman et al. 2004) 
The location of the field trial was at the southwest corner of 114th Street and 87th Avenue 
in Edmonton, Alberta, as presented in Figure 2.19. The objective is to evaluate the performance 
of three permeation grouts, including sodium silicate, microfine powder and microfine cement. 
The in-site soil consisted of five layers as shown in Figure 2.20, i.e. from the ground surface, 
1. Recent fill (2m); 
 2. Lacustrine Lake Edmonton Clay deposit (5m);  
3. Outwash sand and silt deposit (7m);  
4. Glacial till (a clayey matrix with lenses of sand, silt and gravel);  
5. Edmonton Formation bedrock (claystone and sandstone).  
The target grouting zone was the outwash sand deposit, below the ground surface 
between 10.5 and 13.5 m, as illustrated in Figure 2.20 and Figure 2.21. The location of the 
groundwater table in the grouted area was at some depth below in the bedrock.  
12 injection holes were drilled, which were at a 1.2m center-to-center spacing alone a 
triangular grid, from 13rd to 17th, February 2001, as Figure 2.22 illustrated. Sand samples were 
collected from hole Nos. 1, 2, 9, and 10 for grain-size analysis. As shown in Figure 2.23, the 
outwash sand in the target grouting area mainly consisted of poorly graded medium-fine sand. 
The in-suit soil permeability was measured by slug tests in the bore holes. The result indicated 
that the in-suit soil had the permeability of 1x10-4 to 3x10-4 m/s.  Grouting operations were 
 
 
28 
conducted from 18th, February to 22nd, February 2001. A total of 22,096 liters of sodium silicate 
grout solution (mixture of silicate, water, and setting agent, Hallco C491), was injected into hole 
Nos. 8-12 (Hole Nos.1-3 microfine cement; Hole Nos. 4-7 microfine powder). After 2 weeks 
curing, 11 boreholes (SG1-4 and C1-7) and a large-diameter shaft were drilled for evaluating the 
effectiveness of grouting, as illustrated in Figure 2.22.  By spraying soil samples with 
phenolphthalein acid-base, the grout could be identified (samples became pink). The results 
indicated that sodium silicate treated sand was observed in holes SG1, C2 and C6. Then, a 1.9-
meter diameter shaft was constructed into the grouted soil for visual observation. The result 
demonstrated that the soil was uniformly penetrated by sodium silicate (southern half part of 
Figure 2.24). In comparison, the grouting was ineffective for the region grouted by micro fine 
cement (northern half part of Figure 2.24); as observed, the soil was not grouted above 10.8m, as 
shown in Figure 2.25. Two drifts with 1.2m wide and 1.4m high were excavated to a depth of 
13.5m for further examination. The drift No.2 (the sodium silicate treated region) was 
constructed from shaft towards east and passed though the sodium silicate treated area. The grout 
situation and vertical section of drift No.2 were exhibited in Figure 2.26 and Figure 2.27, 
respectively. The result of drift No.2 indicated that “the entire zone surrounding the drift was 
effectively grouted by sodium silicate and displayed a hard, massive structure that extended just 
beyond hole SG 1”. Finally, three field sodium silicate grouted soil samples were collected for 
the laboratory test. The test results demonstrated that the samples had the unconfined 
compressive strength of 84, 177, and 159 kPa, all reached the expected value. Brachman et al. 
concluded that the sodium silicate grout performed remarkably well. In other words, firstly, 
lower pump pressure was required for grouting. Secondly, the uniformly grouted soil was 
observed. Thirdly, the sufficient strength improvement was measured. On the contrary, the other 
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two grouts were found either did not harden or did not form the anticipated interconnectivity in 
the soil. This trial verified the applicability of sodium silicate based grout at this site. 
 
2.5.2 Grouting to minimize settlements prior to tunnel excavation (Heenan 
and Xu, 2012) 
In the City of Oakland, California (Figure 2.28), the County of Alameda Public Works 
Agency decided to improve the creek system by lowering 0.9 m of the invert of a concrete arch 
culvert tunnel. Chemical grouting was proposed to facilitate tunnel excavation for a temporary 
support, to prevent ground settlement, stabilize subgrade soils, and reduce water seepage during 
construction. The existing concrete arch tunnel was 85m long with inside dimensions of 2.4m 
high by 2.1m wide. The cross section of tunnel alignment structure is shown in Figure 2.29. 
Geotechnical site investigation indicated that the soil composed of stiff silty clay fill from the 
ground surface to the depth of 4m; medium stiff to stiff silty clay with sand was below the fill to 
a depth of about 7.9m. The soil around the arch culvert walls included sandy clay, silty clay fill, 
and silty sand. The soils below the arch culvert were sand and gravel. The grain size distributions 
of the soils at the crown part and invert part of tunnel are presented in Figure 2.30, which 
suggested that the soil was not fully permeable at the top layer and partially permeable at the 
invert part of arch tunnels.  
The sodium silicate employed was an N-grade silicate with weight ratio of 3.22. The 
hardener used was a Dibasic Ester solution which consisted of 21% dimethyl adipate, 59% 
dimethyl glutarate, and 21% dimethyl succinate. Before the permeation and fracture grouting, 
two pre-grouting programs, including contacting grouting and compensation grouting, were 
performed for facilitating the permeation and fracture grouting. The purpose of contact grout was 
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to reduce the concrete structure surface settlement, and to provide grout containment for 
permeation grouting. Compensation grouting was performed to prevent large sudden settlements 
due to the existence of voids and loose soils. Next, the permeation and fracture grouting was 
conducted. The injection holes were drilled through the concrete lining and designated as 
ABCDEFG, as shown in Figure 2.29. The spacing for each array was 2.1m along the tunnel 
alignment. The pipes of 38.1mm diameter were jacked into the injection holes. It was found that 
the grout mixture was not setting within the soil in anticipated time. Consequently, a cement 
based grout was applied for accelerating the setting time of silicate grout. The arch invert tunnel 
was divided into 69 sections for injection. The average grout consumption for each section was 
about 1.7m3 to 0.7m3 of silicate grout and cement grout, respectively. Before and during grouting 
and excavation, the ground settlements were supervised, as illustrated in Figure 2.31. The layout 
of surface monitor points is shown in Figure 2.28. As seen in Figure 2.31, the maximum ground 
settlement was 15.8 mm during construction at SCP-15, and 8mm after construction at SPC-13 
on the east side of tunnel. No nearby building or railway damage were found. Moreover, the soils 
were stable during excavation. In conclusion, the grouting project achieved its objective, i.e. it 
minimized the ground movement and facilitated excavation.   
 
2.6 Summary 
A comprehensive review on the manufacture and properties of sodium silicate, working 
mechanism of chemical grouting, as well as the behavior of silicate grouted sand is carried out in 
this chapter. The influential parameters, permeability of silicate grouted sand, and two soil 
groutability criteria are presented. Two case studies are reviewed to illustrate the practicality and 
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effectiveness of silicate grout in geotechnical engineering applications. This review serves as the 
initiation of this study on the high ratio silicate grout and grouted sand.  
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Table 2.1 Average molecular weight of sodium silicate (McDonald and Li 2017) 
Material  
Weight ratio 
SiO2 /Na2O 
Average Molecular Weight  
Ecodrill N-sodium silicate 3.2 256 
Ecodrill S45- sodium 
silicate 
4.5 542 
 
 
 
 
Figure 2.1 Schematic of the main components of water glass at different 
SiO2:Na2O ratio (Nordstorm et al 2013) 
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Figure 2.2 Viscosities of various chemical grouts vs volumetric concentration 
(Karol 2003) 
 
Figure 2.3 Viscosity of 3.2 and 4.5 ratio silicates vs volumetric concentration 
(McDonald et al 2017a) 
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Figure 2.4.1 Viscosity versus time of Binghamiam fluids (Powers et al 2007)  
 
Figure 2.4.2 Viscosity versus time of silicate (Powers et al 2007)  
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Figure 2.5 Viscosity of N sodium silicate vs temperature (Powers et al 2007)  
 
Figure 2.6 Simplified silicate polymerization (Bol et al. 1998)  
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Figure 2.7 Constituents in Grouted Sand composite (Vipulanandan and Krizek 
1986) 
 
Figure 2.8 Compressive Stress-Strain Relationship for Specimens with One 
Rigid Circular Inclusions (Modified from Vipulanandan and Krizek 1986) 
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Figure 2.9 Compressive Stress-Strain Relationship for Specimens with Two 
Rigid Circular Inclusions (  Modified from Vipulanandan and Krizek 1986)  
 
 
Figure 2.10 Segregate Effect (Schiffman and Wilson 1956)  
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Figure 2.11 Shrinkage Effect (Schiffman and Wilson 1956)  
 
 
Figure 2.12 Effect of Polymer Drying (Schiffman and Wilson 1956) 
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Figure 2.13 Breaking of chemical bonds (Schiffman and Wilson 1956)  
 
 
Figure 2.14 Variation of syneresis as a function of grain size; 60% silica te-ethyl 
acetate gel (Karol 2003) 
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Figure 2.15 Effect of curing time on permeability (Benltayf 1981)  
 
 
 
Figure 2.16 Permeabilities of sodium silicate grouted sand with chemicals 
(Bodocsi and Bowers 1991) 
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Figure 2.17 Penetrability limits of grouts based on the permeability of soil 
(Powers et al  2007) 
 
 
Figure 2.18 Grain size ranges for chemically grouted soils (Powers et al 2007) 
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Figure 2.19 Location of grout test area in Edmonton, Alberta (Brachman et al. 
2004) 
 
 
Figure 2.20 Ground condition on test site (Brachman et al. 2004)  
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Figure 2.21 Bedding layers in outwash sand deposit (Brachman et al. 2004) 
 
Figure 2.22 Plan view of grout trial site showing location of grout injection 
holes on the ground surface, boreholes, inspection shaft, and drifts (Brachman 
et al. 2004) 
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Figure 2.23 Grain-size distribution of outwash sand deposits at grout trial site 
(Brachman et al. 2004) 
 
 
Figure 2.24 Extent of grout and intended location of grout holes (Brachman et 
al. 2004) 
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Figure 2.25 Unfolded section along perimeter of shaft (Brachman et al. 2004)  
 
 
Figure 2.26 view of east exploration drift (Brachman et  al. 2004) 
 
 
46 
 
Figure 2.27 Vertical grout sections through east exploration drift (Brachman et 
al 2004) 
 
 
Figure 2.28 Layout of system improve, Oakland (Heenan and Xu 2012)  
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Figure 2.29 Layouts of grout pipes (Heenan and Xu 2012)  
 
Figure 2.30 Soil particle size distributions (Heenan and Xu 2012)  
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Figure 2.31 Ground movements at Arch tunnel (Heenan and Xu 2012)  
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CHAPTER 3 MATERIALS AND METHODOLOGY 
3.1 Introduction 
Chapter 3 starts with introducing the properties of quartz sand and the sodium silicate 
employed in this study. The basic properties of untreated sand were obtained by conducting three 
laboratory tests, including the Particle-Size Distribution (Gradation) of Soils Using Sieve 
Analysis (ASTM D6913-04), Laboratory Compaction Characteristics of Soil Using Standard 
Effort (ASTM D 698-12), and Permeability of Granular Soils (Constant Head) (ASTM D2434-
68). Then, the procedure for preparing grout solutions and silicate treated samples is described. 
Finally, the methodologies of performance assessment for chemical grouted sand samples are 
presented, including the Unconfined Compressive Strength of Cohesive Soil (ASTM D 2166-
16), Wetting and Drying Compacted Soil-Cement Mixtures (ASTM D559-15), and Measurement 
of Hydraulic Conductivity of Saturated Porous Materials Using a Flexible Wall Permeameter 
(ASTM D 5084-16).  
 
3.2 Materials  
3.2.1 Quartz Sand  
The commercially available sand employed in this study was the medium to fine quartz 
(silica) sand from Opta Minerals Inc. The sand is white in color with a specific gravity of 2.65, 
contains 99.70% silicon dioxide, with particle shapes rounded to sub-angular. The mineralogy is 
listed in Table 3.1. For characterization of the sand, the Particle-Size Distribution (Gradation) of 
Soils Using Sieve Analysis (ASTM D6913-04), Laboratory Compaction Characteristics of Soil 
Using Standard Effort (ASTM D 698-12), and Permeability of Granular Soils (Constant Head) 
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(ASTM D2434-68) were conducted, and the results are presented in Table 3.2 and Figure 3.1, 
respectively. The sand is classified as SP based on the unified soil classification system (USCS).  
The compaction curve is plotted in Figure 3.2, which shows the optimal moisture content of 9 % 
and maximal dry unit weight of 16.7 kN/m3. However, in order to achieve the loose state of this 
sand, the moisture content of 5 % and dry unit weight of 16.5 kN/m3 was used for sample 
preparation throughout this study. It should be noted that although the moisture content (5 %) 
and dry unit weight (16.5 kN/m3) were targeted, deviation was inevitable during sample 
preparation. The results of constant head permeability test (ASTM D2434-68) indicated that the 
original sand had hydraulic conductivity of 2.14x10-4 m/s under the dry unit weight of 15.8 
kN/m3; the detailed data are summarized in Table 3.3. It should be noted that the sand property, 
such as sand particle size had significant influence on the behavior of chemical grouted sand 
(Karol 2003; Christopher et al 1989; Schiffman and Wilson 1956). Since the focus of this study 
is on the performance of silicate grouts, only one type of sand was employed.   
 
3.2.2 Silicate grouts  
Two aqueous sodium silicate solutions were studied as grouts in this research. Both were 
manufactured and supplied by National Silicates Inc. (an affiliated company of PQ corporation). 
The first one has a commercial name of Ecodrill N® sodium silicate (NS), which has a silica to 
alkali ratio of 3.2.  This type of silicate grout is the most common silicate grout on the market, 
and has been extensively applied in grouting projects. The commercial name of the 2nd grout 
tested is Ecodrill-S45 sodium silicate (S45), which is a new product designed by National 
Silicates Inc. S45 has the weight ratio of 4.5; as discussed in Chapter 2. Specifically, the mass 
ratio for NS is SiO2: Na2O: H2O =1724: 551: 1123; in comparison, the mass ratio for S45 is 
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SiO2: Na2O: H2O = 1274: 291: 1336. The comparison of characteristics of two sodium silicates 
is shown in Table 3.4. Due to reduction of total solid content, the viscosity of S45 is substantially 
lower than that of NS, as shown in Figure 3.3.  
A setting agent is used in the grout to trigger chemical reaction and trigger the formation 
of gel. Citric Acid and Triacetin were chosen as setting agents in this study, mainly considering 
their excellent HS&E characteristics and flexible gelling response (Guyer 2015; McDonald and 
Li 2017). Citric Acid (chemical formula C6H8O7) is not a common selection of setting agent in 
geotechnical grouting projects, whereas its effectiveness has been recognized in the oilfield 
industry (McDonald and Li 2017). In this study, 10 % citric acid solution was prepared by 
dissolving 50 g citric acid powder in 500 ml deionized water, as suggested by the manufacturer. 
For the setting agent citric acid, when the NS silicate concentration increased to 50 %, partial gel 
formed during the grout solution preparation, as illustrated in Figure 3.4. On the other hand, for 
S45, the silicate concentration could reach as high as 60 % and no premature gelation was 
observed during the grout solution preparation. Therefore, for citric acid, the maximum silicate 
concentrations tested in this study were 40 % for NS and 60 % for S45.  
The 2nd setting agent used was triacetin (chemical formula C9H4O6), which had been 
frequently used in geotechnical chemical grouting projects. Since triacetin was in liquid form, it 
could be added in the grout solution directly. For triacetin, partial gel formed when the NS 
concentration went up to 40 %, as shown in Figure 3.5. Therefore, it was decided that only citric 
acid was used for NS as setting agent. It is noted that since both setting agents are weak organic 
acid; they produce the gel with relatively weak strength (Krumrine and Boyce 1985).  
As discussed in Chapter 2, Benltayf (1981) demonstrated that Calcium Chloride (CaCl2) 
could improve the performance of chemical-sand bonding, but would come with the cost of 
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increased grout viscosity, shortened gel time, and additional solids (Benltayf 1981; McDonald et 
al 2017b). In this study, the influence of additive CaCl2 on the behavior of chemical grouted sand 
was investigated. To prepare the gout solution, CaCl2 was diluted with water to a desired 
concentration, then added to the setting agent solution and mixed with sodium silicate solution, 
following the procedure reported by Guyer (2015). After a series of trial tests, balancing the 
desired gel time and strength, the optimum formula was decided to be dissolving 50 g Calcium 
Chloride (CaCl2) powder in 500 ml deionized water, to obtain 10 % Calcium Chloride (CaCl2) 
solution; then adding 1 % of this solution into the grout solution. For example, one would add 1 
ml 10 % CaCl2 solution into 99 ml grout solution.  
 
3.3 Sample Preparation 
3.3.1 Grout solution preparation 
The grout formula (the volumetric ratio of sodium silicate, tap water, setting agent, and 
gel additive) substantially affects the grout properties and behavior of grouted sand (Littlejohn et 
al 1997). In this study, the grout formula was designed based on the gel time of 4 to 5 hours at a 
temperature of 20-25 ℃. In addition, for the tests in which the gel additive CaCl2 was studied, 
the gel time was expected to be shorter as described by Benltayf (1981). The grout formula 
employed in this study is presented in Table 3.5; as seen, the volume of setting agent required for 
S45 was half of that used in the NS due to the low alkalinity of S45. Furthermore, the silicate 
concentration is represented as the percent silicate grout (v/v x 100%). For example, 40 percent 
silicate means the grout solution consists of 40 parts S45 (or NS) and 60 parts setting agent and 
tap water.  
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Two beakers were used for grout preparation. Beaker A was used for silicate dilution.  
Sodium silicate and tap water were poured in Beaker A; then the solution was mixed using a 
stirring rob, as shown in Figure 3.6. Beaker B was used for preparing the setting agent solution. 
10% citric acid solution (or triacetin solution) and tap water were mixed continuously in Beaker 
B for 10 minutes using a stirring rob, as shown in Figure 3.7; in addition, for the tests in which 
the additive CaCl2 was studied, 10% calcium chloride (CaCl2) solution was added in Beaker B as 
well, mixed with 10 % citric acid solution (or triacetin solution), and tap water for 10 minutes. 
Finally, the setting agent solution in Beaker B was poured slowly into the diluted sodium silicate 
solution in Beaker A; at the same time, the setting agent solution and silicate solution were 
mixed constantly using the high-speed rotating stirrer, as shown in Figure 3.8, to produce a 
homogeneous grout solution. It should be noted that if the setting agent solution in Beaker B was 
poured into the Beaker A (diluted silicate solution) directly without constantly mixing, premature 
gelation would occur.  
 
3.3.2 Sample preparation of sand 
A method by which samples can be prepared systematically and reproducibly is 
necessary for decreasing the test error (Porcino et al 2016; Christopher et al 1989). In the 
literature, a specifically designed injection system in accordance to ASTM D4320-02 is the 
dominant method for chemical grouting sample preparation, as illustrated in Figure 3.9. In this 
system, the grout solution is injected from the perforated bottom of the column by a pressure 
applying equipment, forcing the grout penetrates through the sand specimen until the grout, 
which equals two times the volume of estimated soil void, is collected from the top of the sample 
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(Christopher et al. 1989; Porcino et al 2016; Littlejohn, 1983; Ortiz 2015). Through this system, 
the samples with high saturation of grout can be obtained. 
However, this injection system was not available in this study due to the equipment 
limitation. Therefore, a mixing method was proposed for the sample preparation. Based on the 
proctor compaction test results, the mixing ratio for grouting that produces fully saturated 
samples was (Table 3.6) 
 
soil: water: chemical solution = 325 g: 17.0 ml: 55.0 ml 
 
First, 3250 g dry sand was completely mixed with 170 ml water in a tray for 10 minutes 
until it reached a uniform color (moisture content 5.00 %) as presented in Figure 3.10; then 550 
ml grout solution was poured into the tray, and mixed thoroughly with the moist sand for another 
10 minutes, as illustrated in Figure 3.11. Second, the chemical treated sand was compacted into a 
batch of ten plastic molds evenly, as shown in Figure 3.12. In order to ensure the specimens have 
the same size, a cylindrical plastic mold with an inside diameter 50 mm and height 100 mm was 
used throughout this study. Then, as shown in Figure 3.13, an air tight cap was used to seal the 
mold to prevent evaporation during the curing period. This preparation process was proceeded 
under the constant temperature and humidity. Finally, the samples were placed in a room with 
constant temperature (23 ℃) for curing. The curing time reported in the literature ranged from 2 
hours to several years (Christopher et al 1989). In this study, the curing time was determined to 
be 7 days, 14 days, and 28 days for Unconfined Compressive Strength Test; 7 days and 28 days 
for Wetting-Drying Durability Test and Hydraulic Conductivity Test. After each curing period, 
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specimens were extracted from the mold by drilling a hole at the bottom of the plastic mold, then 
an air pump was used to propel the sample out of the mold, as illustrated in Figure 3.14.  
The following parameters were investigated in this study: sodium silicate concentration, 
curing time, setting agent, and gel additive CaCl2. When one of these parameters was tested, all 
other variables remained constant. The other parameters, such the type of sand and 
environmental conditions were considered as constants throughout this study. The overall test 
plan is presented in Table 3.7. 
Although the calculation based on phase relations in soil mechanics (soil: water: chemical 
solution = 325 g: 17.0 ml: 55.0 ml) was expected to produce fully saturated samples, the actual 
degree of saturation of soil samples was 74.2 % ± 5 % in average, based on the measured 
average sample water content (17.5 %) and dry unit weight (16.0 kN/m3), as shown in appendix 
A. 
It was noted that within the curing time (from 7 days to 28 days), the changes of weight 
and volume of all samples were trivial. The detail properties of all grouted samples (volume, 
water content, bulk unit weight, dry unit weight, void ratio, and degree of saturation) are included 
in Appendix A. 
In order to improve the degree of saturation of samples, two approaches were proposed.  
Approach 1: a hole was drilled at the bottom of the mold; then, the chemical solution was 
poured from on the top of the sample, as Figure 3.15 illustrates. The grout would flow through 
the sample by gravity seepage to fill the soil void. However, as Figure 3.16 shows, instead of 
flushing through the sample, the grout suspended at the top of sample till gel. Therefore, this 
method could not improve the degree of saturation effectively. 
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 Approach 2: four holes were drilled at the top and one at the bottom of mold, as shown 
in Figure 3.17. Then, the grout was injected from the bottom hole by using a syringe, as shown in 
Figure 3.18. The purpose of this method was that by injecting the grout from the bottom of mold, 
the upward flow through the sample (from bottom to top) could flush air-bubbles out of sample; 
thus, filled the soil void. However, because the joint between the syringe and bottom of the mold 
could not be air-tight, as shown in Figure 3.19, the grout solution could not be injected through 
the sample effectively; i.e. the grout simply dripped from the mold bottom hole instead of 
flowing through the sample. As a result, neither two methods could effectively improve the 
saturation of sample.  
In conclusion, a purposely designed injection system in accordance to ASTM D4320-02 
is necessary to obtain the highly saturated sample.  
All specimens were assigned an ID, as shown in Table 3.7 and Appendix A. The first set 
of symbols indicated sodium silicate type: NS for the conventional sodium silicate of weight 
ratio 3.5, and S45 for the sodium silicate of weight ratio 4.5. The second set of symbols 
represented the concentration of sodium silicate, e.g., 40 %. The third set of symbols was used 
for distinguishing the setting agents (CA for citric acid, and Tri for triacetin). The fourth set of 
symbols represents the curing time (7 DS for 7 days; 14 DS for 14 days, and 28 DS for 28 days). 
The fifth set of symbols denotes additive CaCl2, e.g., +1%H. For example, S45-50%-CA-
7DS+1%H represented that the sample was grouted by S45 silicate with a silicate concentration 
of 50 %; the setting agent used was citric acid with 1 % additive CaCl2, and curing time was 7 
days.  
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3.4 Test methods 
3.4.1 Particle-Size Distribution (Gradation) of Soils Using Sieve Analysis  
Particle-Size Distribution test in accordance to ASTM D6913-04 was performed and the 
results shows the sand has the coefficient of uniformity (Cu) 2.02, with the D10=0.163 mm, 
D30=0.230 mm, and D60=0.330 mm, as shown in Figure 3.1. 
 
3.4.2 Compaction Characteristics of Soil Using Standard Effort 
 Figure 3.20 and Table 3.8 shows the results of the Laboratory Compaction 
Characteristics of Soil Using Standard Effort test (ASTM D 698-12). As seen, the optimum 
moisture content is 9 % and the maximal dry unit weight is 16.7 kN/m3.  
 
3.4.3 Permeability of Granular Soils (Constant Head) 
The results of Constant Head Permeability test (ASTM D2434-68) on untreated quartz 
sand were presented in Table 3.3. The permeability of untreated sand was measured as 2.14x10-4 
m/s, with standard deviation of 0.051x10-4 m/s, as shown in Figure 3.21. 
 
3.4.4 Unconfined Compressive Strength  
A standard test apparatus as exhibited in Figure 3.22 was used to measure the unconfined 
compressive strength of chemical grouted sand (ASTM D 2166-16). First, the sample was 
extracted from the plastic mold, as described in Section 3.3.2, after a specific curing period. 
Then, the diameter and length of the sample were measured three times to obtain an average. 
Next, the sample was placed on the test apparatus; and a resin end cap was placed on the top of 
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sample to prevent the stress concentration from loading, as shown in Figure 3.23 (Benltayf 
1981). It was recognized that the strain rate had an influence on the unconfined compressive 
strength of chemical treated sand. Hence the loading rate was controlled at 0.5mm/min, 
corresponding to a strain rate of 0.5 %/min.  During a test, the load was recorded every 5 seconds 
for the first 1 minute, and 15 seconds for the following loading. After finishing the unconfined 
compressive strength test, part of the failed sample was collected for measuring the moisture 
content (ASTM D 2216). The tests were run in triplets and the average was calculated to 
represent the unconfined compressive strength. Moreover, as an example, the Stress-Strain 
relationships for the specimens S45-40%-CA at curing time 1 day, 7 days, 14 days, and 28 days 
were illustrated in Appendix B.  
 
3.4.5 Durability Test 
The wetting-drying durability tests were conducted following the guidelines specified in 
ASTM D 559-15 – Wetting and Drying Compacted Soil-Cement Mixtures. In the first step, the 
sample was extracted from the plastic mold after completion of a specific curing time; then, the 
diameter and length of the sample were measured three times to obtain the average. In the second 
step, two identical samples (Sample No.1 and Sample No.2) were submerged in tap water for 
five hours; then the weights of both samples were measured, as illustrated in Figure 3.24. Both 
samples were placed in a dry oven at the temperature of 71 ± 3℃ for 42 hours. The samples after 
drying are shown in Figure 3.25. In the third step, Sample No. 2 was given two firm strokes, 
equal to approximately13 N force, on four longitudinal sides and two end surfaces, whereas 
Sample No.1 was used as a control sample. This step was conducted by placing the sample on a 
platform of the scale and zero the scale; therefore, the force of each stroke could be measured, as 
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exhibited in Figure 3.26. After applying strokes on the sample, the weight of Sample No.2 was 
measured. This 48-hour procedure established one cycle. The ASTM D 559-15 required twelve 
cycles to complete a full Wetting-Drying durability test. After twelve cycles, the remained mass 
of Sample No 2. was recorded as the Wetting-Drying Durability result. In the same time, sample 
No. 1 was weighed too, as a reference. 
It should be noted that, as described in Section 3.2, the sand employed in this study was 
highly uniform; and both setting agents were organic acids, which had relatively weak strength. 
Some of samples could not pass full twelve cycles before cracks occurred, as shown in Figure 
3.27.  Furthermore, in order to obtain the average value, duplicate specimens of Sample No.2 
were tested at the same time, as presented in Figure 3.24, Figure 3.25, and Figure 3.27.  
 
3.4.6 Hydraulic Conductivity Test 
 The hydraulic conductivity of silicate-grout treated sand is an important parameter in the 
performance assessment. According to ASTM D 5084-16, the specimens with a hydraulic 
conductivity less than 1 × 10-6 m/s are suitable for the flexible wall permeameter tests.  Through 
the literature review the hydraulic conductivity of silicate-grout treated sand was reported in the 
range from 1x10-6 to 1x10-9 m/s. Therefore, the flexible wall permeameter was selected for 
measuring the hydraulic conductivity of the S45 grouted sand samples in this study. The 
apparatus used was a typical triaxial type cell equipped with the top and bottom specimen caps, 
stones, and filter paper; membrane; chamber; top, bottom plates and valves etc., as presented in 
Figure 3.28. Moreover, the porous material applied in this test was tap water.  
To prepare a test, the sample was extracted from the plastic mold after completion of 
curing and measurement of dimensions in triplets for the averages. Then, apparatus was 
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assembled following instructions of ASTM D 5084-16, as seen in Figure 3.29. To set up a test, 
the confining pressure (P1) 210 kPa and back pressure (P2, P3) 200 kPa were applied and 
sustained for two hours to fully saturate the sample, which was then consolidated under a 
confining pressure (P1) of 250 kPa, and back pressure (P2, P3) 200 kPa for two hours. In this 
stage, drainage was allowed from the base and top of the cell.  
 According to the ASTM D 5084-16 (2016), the recommended maximum hydraulic 
gradient for the sample with hydraulic conductivity of 1x10-8 to 1x10-9 m/s is 20, as shown in 
Table 3.9. Moreover, ASTM D 5084-16 indicates that up to a certain level, the hydraulic 
gradient had no significant influence on the sample hydraulic conductivity. Therefore, the 
hydraulic gradient of 14 was chosen in this study.  
A pressure difference of 1 kPa equals to a water head of 1/9.81≈102 mm (Head 1986). 
Thus, the relation between hydraulic gradient i and pressure difference ∆p can be expressed as  
(Liu 2017):  
                                                                                                                    (3.1)  
where 
∆p: pressure difference between the inlet pressure P2 and outlet pressure P3, kPa, 
H: height of sample, mm 
 
In this study, the height of sample was 100 mm; therefore, the hydraulic gradient of 14 
required a pressure difference of 13.7 kPa between the inlet pressure P2 and outlet pressure P3 . 
Based on the precision of the apparatus, the pressure difference of 14 kPa was applied in this 
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test. This was achieved by setting the confining pressure P1 at 250 kPa, the inlet pressure P2 at 
214 kPa, and the outlet pressure P3 at 200 kPa.  
In a test, the inflow and outflow rates were recorded periodically by pipette 2 (inflow) 
and pipette 3 (outflow), as shown in Figure 3.30. When the same flow rates of inflow and 
outflow were achieved (steady-state condition), the quantity of flow was recorded in  
predetermined time intervals by pipette 2 (or pipette 3). The hydraulic conductivity of specimen 
is calculated by the following equation (ASTM D 5084-16) based on Darcy’s Law: 
  
Q L
k
A h t


 
                                                                                                                         (3.2)  
 : hydraulic conductivity, m/s,  
Q : quantity of flow for given time interval t , taken as the average of inflow and outflow, m3, 
L: length of specimen, m, 
A: cross-section area of specimen, m2, 
t : interval of time, s, over which the flow Q  occurs (t2 – t1),  
t1: time at start of permeation trial, sec,  
t2: time at end of permeation trial, sec, 
h : head loss, m of water 
 
3.4.7 Environmental Scanning Electron Microscope (ESEM) analyses  
 The common method for analyzing the microstructure of soils is the Scanning Electron 
Microscope (SEM). One primary restriction of SEM is the requirement for the high vacuum in 
both electron column and sample chamber, as illustrated in Figure 3.31; consequently, the soil 
sample, which is placed in sample chamber, must be totally desiccated. In comparison, in 
Environmental Scanning Electron Microscope (ESEM) test, the multiple Pressure Limiting 
Apertures (PLA’s) are used to separate the sample chamber from the electron column; in other 
k
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words, the electron column is still in high vacuum, but the sample chamber may sustain a 
pressure. Consequently, the ESEM test, which eliminates the need of a high vacuum sample 
environment, can be conducted on samples of wet, oily, and dirty (Kimseng and Meissel 2001). 
A schematic of a ESEM is presented in Figure 3.32. In this study, the trial tests showed that the 
sample drying process in SEM test would damage the conductivity of chemical bonding, as 
Figure 3.33 presents. Therefore, the Environmental Scanning Electron Microscope (ESEM) 
analysis, in which the drying process is not demanded, was performed in the Great Lakes 
Institute for Environment Research, University of Windsor. The results of ESEM test is analyzed 
in Chapter 4. 
 
3.5 Summary 
Chapter 3 discussed the basic characters of the quartz sand, obtained by conducting three 
laboratory tests, including the Particle-Size Distribution (Gradation) of Soils Using Sieve 
Analysis (ASTM D6913-04), Laboratory Compaction Characteristics of Soil Using Standard 
Effort (ASTM D 698-12), and Permeability of Granular Soils (Constant Head) (ASTM D2434-
68). Moreover, the preparation procedures of grout solutions and sand sample are described. The 
properties of chemical grouted sand samples were assessed in terms of the Unconfined 
Compressive Strength (ASTM D 2166-16), Durability (ASTM D559-15), Hydraulic 
Conductivity (ASTM D 5084-16), and ESEM.  The results of these experiments will be 
discussed in next chapter.   
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Table 3.1 Compositions of quartz sand used in this study (Opta Minerals 2017) 
 
 
Table 3.2 Properties of quartz sand used in this study 
 
 
Symbol Name Percentage 
SiO2 (total) (Silicon Dioxide) 99.7% 
Al2O3 (Aluminum Oxide) 0.14% 
Fe2O3 (Iron Oxide) 0.016% 
K2O (Potassium Oxide) 0.04% 
Na2O (Sodium Dioxide) < 0.01% 
MgO (Magnesium Oxide) < 0.01% 
CaO (Calcium Oxide) < 0.01% 
Specific gravity, Gs 2.65 
Hydraulic conductivity, k (m/s) 10-4 
Target water content  5% 
Color White 
Particle size 
D10 0.163 mm 
D30 0.230 mm 
D50 0.300mm 
D60 0.330 mm 
The coefficient of uniformity, Cu 2.02 
USCS classification SP 
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Table 3.3 Hydraulic conductivity of untreated sand 
 
 
Item 
Test Number 
1 2 3 
Average flow, Q 
(cm3) 
344 333 328 
Time of collection, t 
(s) 
60 60 60 
Head Difference, h   
(cm) 
85.8 85.8 85.8 
Diameter of specimen, D 
(cm) 
7.62 7.62 7.62 
Length of specimen, L 
(cm) 
15.0 15.0 15.0 
Area of specimen,  
2
4
D
A

 (cm2)  
45.6 45.6 45.6 
Q L
k
A h t


 
 (cm/s)  2.20X10-2 2.13X10-2 2.10X10-2 
Q L
k
A h t


 
 (m/s) 2.20X10-4 2.13X10-4 2.10X10-4 
Average  
hydraulic conductivity, k 
(m/s) 
2.14x10-4 
Standard Deviation, (m/s) 0.051x10-4 
Dry unit weight, d   
(kN/m3) 
Volume of specimen, 
2
4
V D L

  (cm3) = 683.7 cm3 
Specific gravity of sands, Gs=2.65 
Mass of apparatus, M1 (g)= 1487.9g 
Mass of apparatus with sand specimen, M2 (g)= 2589g 
Dry unit weight of specimen, d = 15.8 kN/m
3 
Void ratio of specimen e= 0.645 
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Table 3.4 Specification of silicate products used in the study 
PQ products 
Weight 
ratio 
SiO2 
/Na2O 
Na2O 
% 
SiO2 
% 
Active 
ingredient 
% 
Water 
% 
Density 
g/ml 
 
Viscosity 
CPs 
pH 
Ecodrill N-sodium 
silicate 
3.2 8.9 28.7 37.6 62.4 1.38 180 11.3 
Ecodrill S45- 
sodium silicate 
4.5 4.7 21.2 25.9 74.1 1.22 
40 
 
11.0 
 
 
 
 
Table 3.5 (a) Formula for grout with setting agent Citric Acid 
 
 
 
 
Table 3.5 (b) Formula for grout with setting agent Triacetin 
 
Silicate 
Name 
Setting 
agent 
Part A Part B 
Gel time 
(hours) 
Silicate 
(mL) 
Tap water 
 (mL) 
Citric Acid 
(mL) 
Tap water 
(mL) 
100g/L 
CaCl2 
(mL) 
NS 
Citric 
Acid 
40 20 30 10 N/A 4~5 
30 30 25 14 1 
1hr 
45mins 
S45 
60 10 11 19 N/A 4~5 hrs 
50 20 12 18 N/A 4~5 hrs 
40 30 13 17 N/A 4~5 hrs 
60 10 11 18 1 
2hrs 
20mins 
50 20 12 17 1 
1hr 
40mins 
Silicate 
Name 
Setting 
agent 
Part A Part B 
Gel time 
(hours) 
Silicate 
(mL) 
Tap water 
 (mL) 
Triacetin 
(mL) 
Tap water 
(mL) 
100g/L 
CaCl2 
(mL) 
S45 Triacetin 
50 30 1 19 N/A 4~5 hrs 
50 30 1 18 1 2hrs10mins 
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Table 3.6 The ratio of Dry Sand: Tap Water : Chemical Solution 
From the proctor compaction curve, the moisture content  and corresponding dry unit 
weight 316.5 /d kN m   have been chosen for all tests: 
           
                          
 
 
 
w = 5.00%
 
 
73 
Table 3.7 Overall test plan for this study 
 
 
 
 
Sample ID Silicate Name 
Silicate 
Concentration 
(%) 
Setting Agent Hardener 
Curing Times 
(Days) 
NS-40%-CA NS 40% Citric Acid N/A 
1 
7 
14 
28 
NS-30%-
CA+1%H 
NS 30% Citric Acid 
+1%CaCl2 
(100g/L) 
1 
7 
14 
28 
S45-60%-CA S45 60% Citric Acid N/A 
N/A 
7 
14 
28 
S45-50%-CA S45 50% Citric Acid N/A 
1 
7 
14 
28 
S45-40%-CA S45 40% Citric Acid N/A 
1 
7 
14 
28 
S45-60%-
CA+1%H 
S45 60% Citric Acid 
+1%CaCl2 
(100g/L) 
N/A 
7 
14 
28 
S45-50%-
CA+1%H 
S45 50% Citric Acid 
+1%CaCl2 
(100g/L) 
N/A 
7 
14 
28 
S45-50%-Tri S45 50% Triacetin N/A 
N/A 
7 
14 
28 
S45-50%-
Tri+1%H 
S45 50% Triacetin 
+1%CaCl2 
(100g/L) 
N/A 
7 
14 
28 
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Table 3.8 Standard effort compaction test result 
 
Test 
Mass 
of 
Mold 
(kg) 
Volume 
of mold 
(m3) 
Mass of 
Mold + 
Soil 
(kg) 
Water content test 
Dry unit 
weight 
(kN/m3) 
Mass of 
soil 
(Before 
oven 
dry) (g) 
Mass of 
soil 
(After 
oven 
dry) (g) 
Mass 
of can 
(g) 
Moisture 
content (%) 
1 
4.38 0.000943 
5.98 38.5 37.8 1.30 1.92% 16.4 
2 6.01 36.3 34.9 1.30 4.17% 16.3 
3 6.05 44.8 42.8 1.30 4.82% 16.6 
4 6.10 45.8 42.8 1.30 7.23% 16.7 
5 6.13 38.1 35.0 1.30 9.20% 16.7 
6 6.18 46.0 41.0 1.30 12.6% 16.6 
7 6.18 52.6 45.5 1.30 16.1% 16.1 
 
 
 
Table 3.9 Guidelines for Hydraulic Gradient selection (ASTM D 5084-16 2016) 
 
 
 
 
Hydraulic Conductivity, m/s Recommended Maximum Hydraulic Gradient  
1x10-5 to 1x10-6 2 
1x10-6 to 1x10-7 5 
1x10-7 to 1x10-8 10 
1x10-8 to 1x10-9 20 
Less than 1x10-9  30 
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Figure 3.1 Particle size distribution  
 
 
 
 
Figure 3.2 Standard effort compaction curve 
(optimal moisture content 9%; maximal dry unit weight 16.7 kN/m3) 
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Figure 3.3 Viscosity comparison of NS and S45  
 
 
 
 
Figure 3.4 50% NS solution with citric acid  
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Figure 3.5 40% NS solution with triacetin  
 
 
 
 
Figure 3.6 Silicate dilution in Beaker A 
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Figure 3.7 Setting agent solution preparation in Beaker B  
 
 
 
 
Figure 3.8 Grout solution preparation  
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Figure 3.9 Schematic Representation of Injection System (Christopher et al 
1989)  
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Figure 3.10 (a) Moisture sand preparation (adding water into soil)  
 
 
 
Figure 3.10 (b) Moisture sand preparation (thoroughly mixing)  
 
 
 
Figure 3.10 (c) Moisture sand preparation (achieving same color)  
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Figure 3.11 (a) Chemical grouted sand preparation (adding grout into moist 
sand) 
 
 
 
Figure 3.11 (b) Chemical grouted sand preparation (thoroughly mixing)  
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Figure 3.12 (a) Compact soil into mold  
 
 
 
 
Figure 3.12 (b) Compact soil into mold  
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Figure 3.13 Seal the mold 
 
 
 
 
Figure 3.14 (a) Sample extraction 
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Figure 3.14 (b) Sample extraction 
 
 
Figure 3.15 Approach 1 for improving sample degree of saturation (1)  
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Figure 3.16 Approach 1 for improving sample degree of saturation (2)  
 
 
Figure 3.17 Approach 2 for improving the degree of saturation (1)  
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Figure 3.18 Approach 2 for improving the degree of saturation (2)  
 
 
Figure 3.19 Joint connectivity in Approach 2  
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Figure 3.20 Standard effort compaction test  
 
Figure 3.21 The Constant Head Permeability test apparatus (ASTM D2434 -68) 
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Figure 3.22 Unconfined compressive strength test apparatus  
 
 
Figure 3.23 Set up unconfined compressive strength test (ASTM D 2166 -16) 
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Figure 3.24 Soak sample into the tap water in durability test  
 
 
Figure 3.25 Place sample into dry-oven in durability test (70°) 
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Figure 3.26 Visualizing the force of stroke in durability test  
 
 
Figure 3.27 Cracked sample in durability test: S45 -50%-CA-7DS 
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Figure 3.28 The apparatus for Hydraulic conductivity test using a flexible wall 
permeameter ASTM D 5084-16 (A Triaxial-type cell with all of its components) 
 
Figure 3.29 (a) Set up for Hydraulic conductivity test using a flexible wall 
permeameter (ASTM D 5084-16) 
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Figure 3.29 (b) Set up apparatus for Hydraulic conductivity test using a flexible 
wall permeameter (ASTM D 5084-16) 
 
 
Figure 3.30 Applying cell pressure P1, inlet pressure P2, and outlet pressure P3  
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Figure 3.31 A schematic representation of a SEM (Kimseng and Meissel 2001)  
 
Figure 3.32 (a) A schematic representation of a ESEM (Kimseng and Meissel 
2001) 
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Figure 3.32 (b) A Environmental Detector of a ESEM (Kimseng and Meissel 
2001) 
 
 
Figure 3.33 Failed conductivity of the chemical bonding due to SEM Drying 
process 
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CHAPTER 4 RESULTS AND DISCUSSION 
4.1 Introduction 
In this study, the effects of four variables, including sodium silicate concentration, curing 
time, setting agents, and gel additive CaCl2 on the behavior of chemical grouted sand, are 
investigated. Chapter 2 has reviewed the working mechanism of chemical grouting, and Chapter 
3 has described the preparation of grout solution and grouted sample, as well as the testing 
methods. The main objective of Chapter 4 is to analyze the experimental results and to 
investigate the influence of variables on the behavior of silicate grouted sand. The results 
presented in Chapter 4 is the average value of two or three measurements, as discussed in 
Chapter 3. The original data are presented in Appendix B, Appendix C and Appendix D.  
 
4.2 Unconfined compressive strength of chemical grouted sand  
4.2.1 Introduction 
The unconfined compressive strength test (UCS) is frequently measured for evaluating 
the strength of chemical grouted sand, as discussed in Chapter 2 (Christopher et al 1989; 
Schiffman and Wilson 1956; Warner 1972; Benltayf 1981; Guyer 2015; Ata and Vipulanandan 
1999).  
 
4.2.2 Laboratory tests results 
4.2.2.1 Effects of sodium silicate concentration 
In this section two issues were investigated. Firstly, the influence of silicate mass ratio on 
the UCS of silicate grouted sample was studied. Figure 4.1 illustrates the difference in UCS 
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values between NS and S45 treated samples, and the results show the samples treated with S45 
have higher UCS than the samples treated with NS. For example, at the same silicate 
concentration (40%), and curing time (7days), the sample treated with S45 exhibited the UCS of 
69.7 kPa, which was over two times higher than that of NS (28.5 kPa). As mentioned earlier, the 
silica in sodium silicate solution decides the strength of gel. The molecular weight of S45 (542) 
is significantly higher than that of NS (256) (McDonald and Li 2017). This is believed to be the 
main reason behind the result that the sample treated by S45 grout has the considerably higher 
strength than NS does.  
Secondly, the effect of silicate concentration on the UCS of S45 grouted sample was 
investigated. Figure 4.2 presents the influence of silicate concentration on UCS of S45 treated 
sand. The results clearly demonstrate that after chemical treatment, the UCS of S45 treated 
samples increased at higher silicate concentration. For example, at 7 days, sample S45-60%-CA-
7DS has the highest UCS of 82.1 kPa; compared to  sample S45-40%-CA-7DS of 69.7 kPa and 
sample S45-50%-CA-7DS of 74.4 kPa. This trend also worked for samples at the curing time of 
14 days and 28 days, as indicated in Figure 4.3 and Figure 4.4. As seen, the UCS of silicate 
grouted sand is directly associated with the silicate concentration; the higher silicate 
concentration in grout (from 40% to 60%) resulted in the higher UCS of samples. The main 
reason is with higher level of silicate in the grout, the chemical bonding improved in the soil.  
Furthermore, two phenomena were found during the UCS test in this study. First of all, 
for all silicate grouted samples, the angle between the loading direction and failure surface varied 
between 30°to 45°, which was the normal value for shear failure. An example was shown in 
Figure 4.5. Accordingly, in this study, all samples were failed due to shear (Vipulanandan and 
Krizek 1986). Secondly, as illustrated in the Chapter 2, for the post-peak unloading process, the 
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existence of gel prevented soil particles from readjusting; then, a crack gradually formed from 
the inside to the outside surface of the sample. (Vipulanandan and Krizek 1986). The same result 
was observed in this study; in other words, the crack of sample surface was found at the post-
peak unloading process instead of the peak loading time.  
 
4.2.2.2 Effects of curing time 
The effect of curing time on the UCS of silicate grouted sample is shown in Figure 4.6. 
The result revels that although the data scatter exists, the unconfined compressive strength of all 
silicate grouted samples is constant from 7 days to 28 days curing time. For example, the UCS 
values of samples NS-40%-CA are 28.5 kPa, 23.9 kPa and 29.8 kPa at the curing time of 7 days, 
14 days, and 28 days respectively; whereas samples S45-50%-CA had the UCS values of 74.4 
kPa, 71 kPa, and 77.6 kPa at the curing time of 7 days, 14 days, and 28 days respectively.  
Additional unconfined compressive strength tests were conducted for the duplicate 
samples NS-40%-CA, S45-40%-CA, and S45-50%-CA at the curing time of 1 day. The 
additional test results demonstrated that the peak UCS values of all silicate grouted samples were 
obtained after 1 day curing, and remained constant for the rest of curing period (1day to 28 days) 
as Figure 4.6 presents.  
In conclusion, the curing of all silicate grouted samples has completed within 7 days. 
Moreover, no difference was found between NS treated sample and S45 treated sample regarding 
the influence of curing time on the UCS of silicate grouted samples. The additional test results 
indicated that curing have completed within 1 day. As discussed in Chapter 2, chemical grouting 
can only generate cohesion in soil mass; and the cohesion of soil mass will not change with 
curing time after the full strength of grout is achieved (Benltayf 1981). Furthermore, although the 
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syneresis effect existed (proved by the change of sample hydraulic conductivity as will be 
discussed in Section 4.4.2.2), it had trivial influence on the sample UCS values. 
 
4.2.2.3 Effects of setting agents and inorganic gel additive CaCl2 
This study investigated two setting agents, i.e., citric acid and triacetin. In terms of the 
UCS values, no difference was found between these two setting agents. For example, as shown 
in Figure 4.7, using citric acid, the UCS values of the samples S45-50%-CA at the curing time of 
7 days, 14 days, and 28 days are 74.4 kPa, 71.0 kPa, and 77.6kPa correspondingly. Similarly,  
using triacetin, the UCS values of the samples S45-50%-Tri at the curing time of 7 days, 14 days, 
and 28 days are 72.3 kPa, 79.7 kPa and 77.9kPa, respectively. 
Benltayf (1981) indicated that adding gel additive CaCl2 into the silicate grout can 
significantly improve the strength of silicate grouted sand, because calcium chloride (CaCl2) can 
improve chemical bonding due to a precipitation reaction, as discussed in Chapter 2. The same 
result was observed in this study. As seen in Figure 4.8, adding 1% of CaCl2 solution into the 
grout, the NS treated sample NS-30%-CA-7DS+1%H had an unconfined compressive strength of 
71.6 kPa, which was about 2.5 times higher than those treated with NS-40%-CA grouting 
solution. Moreover, at 7days, sample S45-50%-CA-7DS had the UCS of 74.4 kPa; in 
comparison, adding 1% of CaCl2 solution in the grout, the UCS of sample S45-50%-CA-
7DS+1%H reached up to 100.6 kPa. At 7 days, the UCS values of S45 treated samples increased 
from 82.1 kPa to 111.3 kPa, when 1% of CaCl2 solution was added into the S45-60%-CA silicate 
grout, as shown in Figure 4.9. These data suggested that adding 1% of CaCl2 solution into the 
silicate grout significantly increased the unconfined compressive strength of silicate treated 
samples.  
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As mentioned before, S45 silicate treated samples showed no difference of UCS between 
using citric acid and triacetin as setting agent. However, when the gel additive CaCl2 was 
introduced in the grout, triacetin performed better than citric acid in terms of UCS in S45 treated 
samples. For example, at 7days, sample S45-50%-CA-7DS+1%H had the UCS of 100.6 kPa; in 
comparison, the UCS of sample S45-50%-Tri-7DS+1%H was 121.3 kPa, as illustrated in Figure 
4.10.  
In conclusion, the unconfined compressive strengths of silicate treated samples were 
similar when using citric acid and triacetin as setting agent, in the range of 71.0 kPa (S45-50%-
CA-14DS) to 79.7 kPa (S45-50%-Tri-14DS). On the other hand, when gel additive CaCl2 was 
introduced in the silicate grout, the unconfined compressive strength of silicate grouted samples 
was significantly increased, in the range of 89.1 kPa (S45-50%-CA-28DS+1%H) to 138 kPa 
(S45-50%-Tri-28DS+1%H). It is further found that when using CaCl2 as an additive, triacetin is 
better than citric acid, that the UCS as high as 138 kPa (S45-50%-Tri-28DS+1%H) was 
achieved. 
 
4.2.3 Discussion and Summaries 
In this section, the unconfined compressive strength of silicate treated samples was 
analyzed. The influence of four variables on the UCS of silicate grouted samples was studied. 
UCS test results of all silicate grouted samples are presented in Table 4.1 and Figure 4.11. The 
following is a summary of the results: 
 At the same silicate concentration (40%), and curing time (7 days, 14 days, and 28 days), the 
average UCS of samples treated with S45 was over two times higher than those with NS. 
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 The unconfined compressive strength of S45 treated sand was directly associated with the 
silicate concentration in the grout (from 40% to 60%); a higher concentration of silicate in the 
grout results in stronger samples.  
 The unconfined compressive strength of silicate grouted sample reached the peak value at the 
curing time of 1 day, and then remained constant as observed in this study. 
 The unconfined compressive strength of silicate grouted samples was not affected by two setting 
agents used in this study, i.e., citric acid and triacetin.    
 The gel additive CaCl2 significantly improved the unconfined compressive strength of silicate 
grouted samples. The results show that the gel additive CaCl2 worked better with triacetin than 
citric acid, in terms of the unconfined compressive strength of silicate grouted samples. 
 The highest UCS for all grouted sand specimens was recorded as 128 kPa on sample S45-50%-
Tri-28DS+1%H, grouted by S45 silicate with a silicate concentration of 50%; the setting agent 
used was triacetin with 1% additive CaCl2, and curing time was 28 days. 
 
4.3 Wetting-Drying durability of chemical grouted sand  
4.3.1 Introduction  
Durability is the ability of grouted sample to resist the attack of hostile environments. For 
example, due to changes of climatic or environmental conditions, the grouted soil in situ will 
subject to wetting-drying or freezing-thawing cycles. Other factors such as extrusion, and creep 
loading can also cause deterioration of chemical grouted soil (Guyer 2015; Clifton 1986). 
According to Guyer (2015), “the stability of chemical grout is excellent below the frost line and 
the water table, and poor when subjected to cycles of wetting and drying or freezing and 
thawing”. The service life a chemical grouting project is mainly based on case histories and 
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engineers’ experience (Guyer 2015). Data on durability of silicate grouted soil are limited and 
inconclusive. Moreover, Tang et al (2016) demonstrated that “The macro volumetric change of 
grouted soil is significantly associated with soil microstructure (shape, size, arrangement and 
distribution of particles, particle assemblies and pores, and their contacts and connectivity). As 
soil subjected to wetting and drying cycles, the soil moisture changes and its distribution is non-
uniform, and time and location dependent” (Tang et al 2016). Chapter 3 has presented sample 
preparation and methodology of the wetting-drying durability test (ASTM D559), and the results 
are presented in this section. 
 
4.3.2 Laboratory tests results 
4.3.2.1 Effects of sodium silicate concentration 
Figures 4.12 and 4.13 show that Wetting-drying durability tests (WDD tests) cannot be 
carried out on all samples grouted by NS silicate. As seen, samples NS-40%-CA-7DS and NS-
30%-CA-7DS+1%H crumbled in the first cycle of wetting; hence the tests had to be suspended.  
All WDD tests reported in this section are on S45 grouted samples.  Table 4.2 presents 
the influence of silicate concentration on the wetting-drying durability of S45 grouted samples.. 
As shown, the durability of sample increased with the increase in silicate concentration. For 
example, at the silicate concentration of 50 %, sample S45-50%-CA-7DS failed at the 3rd cycle 
with the cumulative weight loss of 53.6 %; in contrast, at the silicate concentration of 60 %, 
sample S45-60%-CA-7DS failed at the 6th cycle with the cumulative weight loss of 35.3 %.   
Similar results can be observed on sample S45-50%-CA-7DS+1%H and sample S45-
60%-CA-7DS+1%H. For example, sample S45-50%-CA-7DS+1%H failed at the 5th cycle with 
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the cumulative weight loss of 50.9 %; whereas sample S45-60%-CA-7DS+1%H failed at 9th 
cycles with the cumulative weight losing of 20.9 %.  
In conclusion, all other factors being equal (setting agent, curing time, and gel additive 
CaCl2), increasing the silicate concentration resulted in an improvement on durability of S45 
silicate grouted samples. It is evident that higher concentration of S45 silicate in the grout 
solution results in enhanced chemical bonding, leading to improved durability.   
 
4.3.2.2 Effects of curing time 
Table 4.3 summarized the influence of curing time on the wetting-drying durability 
(WDD) of S45 treated sample; as seen, the durability of silicate treated sample increased with 
curing time (from 7days to 28 days). For example, at 7 days, sample S45-60%-CA-7DS failed at 
the 6th cycle with the cumulative weight loss of 35.3 %; in comparison, after 28 days, sample 
S45-60%-CA-28DS passed all 12 cycles with the cumulative weight loss of 3.34 %. Another 
example is the samples treated by 50 % silicate concentration with setting agent triacetin: at 7 
days, sample S45-50%-Tri-7DS failed at the 7th cycle with the cumulative weight loss of 
27.9 %; whereas, at 28 days, sample S45-50%-Tri-28DS passed all 12 cycles with the 
cumulative weight loss of 8.66 %.  
In sum, all other factors being equal (setting agent, silicate concentration, and additive), 
curing time has significantly enhanced the durability of S45 grouted sand samples.  
 
4.3.2.3 Effects of setting agents and inorganic gel additive CaCl2 
Table 4.4 summarizes the influence of setting agents on the WDD of S45 treated samples. 
Compared to citric acid, samples grouted using triacetin as setting agent yielded better wetting-
 
 
106 
drying durability. Under the same conditions (silicate concentration 50%, curing time 7 days), 
the sample treated with citric acid, S45-50%-CA-7DS failed at the 3rd cycle with the cumulative 
weight loss of 53.6 %; whereas the sample treated with triacetin, S45-50%-Tri-7DS, failed at the 
7th cycle with the cumulative weight loss of 27.9 %. Furthermore, at 28days, sample S45-50%-
CA-28DS failed at the 4th cycle with the cumulative weight loss of 43.5 %; and sample S45-
50%-Tri-28DS passed 12 cycles with the cumulative weight loss of 8.66 %. 
It is also found that adding CaCl2 in the grout resulted in a better wetting-drying 
durability of samples, as summarized in Table 4.5. With the same silicate concentration (50 %), 
setting agent (triacetin), and curing time (7days), adding 1 % of CaCl2 solution into the grout, 
sample S45-50%-Tri-7DS+1%H passed all 12 cycles with the cumulative weight loss of 19.0 %; 
in comparison, without gel additive CaCl2, sample S45-50%-Tri-7DS failed at the 7
th cycle with 
the cumulative weight loss of 27.9 %. The same trend was also observed on the samples by using 
the setting agent citric acid: sample S45-50%-CA-7DS+1%H failed at the 5th Cycle with the 
cumulative weight loss of 50.9 %; whereas without the gel additive CaCl2, sample S45-50%-CA-
7DS failed at the 3rd cycle with the cumulative weight loss of 53.6 %. In conclusion, it was found 
that adding gel additive CaCl2 in the grout resulted in an improvement on the sample wetting-
drying durability.  
The shape change of sample S45-50%-CA-7DS and sample S45-50%-Tri-7DS+1%H 
during the wetting-drying durability test was presented in the Figure 4.14 (a)-(c) and Figure 4.15 
(a)-(m) respectively. 
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4.3.3 Discussion and Summaries 
In this section, the wetting-drying durability of silicate treated sand samples was analyzed 
and four variables on the durability was studied. The results of durability of silicate grouted 
sample are summarized in Table 4.6. The following is a summary of the results: 
 Wetting-drying durability tests cannot be conducted on the samples grouted by NS. The samples 
(NS-40%-CA-7DS and NS-30%-CA-7DS+1%H) crumbled in the first cycle of wetting. WDD 
test can be carried out on samples treated by S45 silicate. Among all samples tested, S45-60%-
Citric Acid-28DS; S45-60%-Citric Acid-28DS+1%H; S45-50%-Triacetin-28DS; S45-50%-
Triacetin-7DS+1%H, and S45-50%-Triacetin-28DS+1%H past 12 wetting-drying cycles; other 
S45 treated samples failed before completing the 12 cycles. 
 The Wetting-drying durability of S45 silicate grouted sand samples was directly associated with 
silicate concentration (from 50% to 60%) in the grout; the increase in the silicate concentration 
resulted in the improvement of sample durability.  
 Ranging from 7 days to 28 days, the sample durability improved with curing time.  
 The samples grouted using setting agent triacetin had better durability than the samples grouted 
using citric acid.  
 Adding the gel additive CaCl2 in the grout improved the sample durability.  
 Among all samples tested in this study, the best wetting-drying durability of S45 grouted sand 
was registered on sample S45-50%-Tri-28DS+1%H, which passed 12 cycles with the cumulative 
weight loss of 2.93 %. 
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4.4 Hydraulic conductivity of chemical grouted sand  
4.4.1 Introduction 
The chemical grouting for modifying soil hydraulic conductivity has been broadly 
utilized in engineering projects, such as water cutoff under dams, and sealing tunnels, as 
discussed in Chapter 2. In this section, the results of hydraulic conductivity measurement of S45 
treated sand samples are presented and discussed. 
 
4.4.2 Laboratory tests results 
4.4.2.1 Effects of sodium silicate concentration 
Figure 4.16 presents the hydraulic conductivity of S45 treated samples as affected by 
silicate concentrations. The average hydraulic conductivity of sand samples without chemical 
grouting was 2.14 x 10-4 m/s, as discussed in Chapter 3. As seen in Figure 4.16, the sample 
hydraulic conductivity decreases with the increase in the silicate concentration. When the silicate 
concentration was increased from 50 % to 60 %, the sample hydraulic conductivity decreased 
from 9.72x10-8 m/s to 3.63x10-8 m/s. Moreover, after 7-day curing time, the sample hydraulic 
conductivity decreased about four orders of magnitude (from 2.14x10-4 m/s to 9.72x10-8 m/s) 
with 50 % S45 silicate grout.  
 
4.4.2.2 Effects of curing time 
To establish the relation between the hydraulic conductivity of grouted sand and curing 
time, the hydraulic conductivity measurements were carried out on samples with the curing time 
7 days and 28 days. Figure 4.17 presents the results on S45 treated samples. In general, the 
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hydraulic conductivity of silicate grouted sand sample increased with curing time, which has 
been reported in the literature  (Benltayf 1981; Tallard and Caron 1977). As seen in Figure 4.17, 
the hydraulic conductivity of sample S45-60%-CA increases from 3.63x10-8 m/s to 1.82x10-7 m/s 
when the curing time increases from 7 days to 28 days. Sample S45-50%-CA had the hydraulic 
conductivity of 9.72x10-8 m/s at 7 days, whereas it increased to 3.64x10-7 m/s after 28 days.  
In conclusion, all other factors being equal (silicate concentration, setting agent, gel 
additive CaCl2), the hydraulic conductivity of silicate grouted sand increased around one order of 
magnitude when the curing time increased from 7 days to 28 days. This observation was 
consistent with the results reported in the literature and in-depth study of the mechanisms is 
important for engineering applications. 
 
4.4.2.3 Effects of setting agents and inorganic gel additive CaCl2 
Figure 4.18 and Figure 4.19 present the hydraulic conductivity of S45 treated samples as 
related to setting agent and gel additive CaCl2. In general, no significant difference of hydraulic 
conductivity was found between grouted samples using citric acid and triacetin as setting agents. 
As shown, the hydraulic conductivity of sample S45-50%-CA-7DS was 9.72x10-8 m/s; and 
sample S45-50%-Tri-7DS was 9.47x10-8 m/s.  
Adding gel additive CaCl2 into the grout can further decrease the hydraulic conductivity 
of samples. As presented in Figure 4.19, after adding gel additive CaCl2 into the grout, sample 
S45-50%-CA-7DS+1%H had the hydraulic conductivity of 2.42x10-8 m/s. In addition, the 
hydraulic conductivity of sample S45-50%-Tri-7DS+1%H was 1.21x10-8 m/s; while, the sample 
treated by the same solution without gel additive CaCl2, i.e. sample S45-50%-Tri-7DS had the 
hydraulic conductivity of 9.47x10-8 m/s.   
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4.4.3 Discussion and Summary 
In this section, the hydraulic conductivity of S45 treated sand was tested. The influence 
of four variables, i.e., silicate concentration, setting agent, curing time, and gel additive CaCl2, 
was quantified as well. The hydraulic conductivity test results of S45 grouted sand samples are 
summarized in Table 4.7. 
 Compared with the hydraulic conductivity of untreated sand (2.14x10-4 m/s), the hydraulic 
conductivity of S45 grouted sand decreased three to four orders of magnitude as measured in this 
study. 
 The higher silicate concentration in the grout resulted in the lower sample hydraulic 
conductivity.  
 The results show that the hydraulic conductivity of S45 grouted sand increased with the curing 
time. All other factors being equal (silicate concentration, setting agent, and additive), the 
hydraulic conductivity of the sample with curing time 7 days was one order of magnitude lower 
than the hydraulic conductivity of the sample with curing time 28 days in this study.  
 No difference of the hydraulic conductivity of S45 treated samples was found between using the 
setting agent citric acid or triacetin.  
 Adding the gel additive CaCl2 in the grout further decreased the hydraulic conductivity of 
sample.  
 The lowest hydraulic conductivity of S45 grouted sand measured in this study was 1.21 x 10-8 
m/s on sample S45-50%-Tri+1%H-7DSs, decreased around four orders of magnitude compared 
to untreated sand. 
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4.5 Environmental scanning electron microscope analysis (ESEM) 
Figure 4.20 to Figure 4.25 provide ESEM photos of silicate grouted samples S45-50%-CA-
7DS, S45-50%-Tri-7DS, and NS-40%-CA-7DS. Lucas et al (2011) illustrated that the untreated 
medium-fine quartz sand grains were in rounded shape with large pores; no obvious 
interconnection was observed among soil particles (Lucas et al 2011). The microstructure of 
silicate treated sand was characterized by micrograph at a magnification of 400X, as presented in 
Figure 4.20, Figure 4.21, and Figure 4.22. As seen, the samples treated by three silicate grout 
solutions (S45-50%-Citric Acid, S45-50%-Triacetin, and NS-40%-Citric Acid) exhibited similar 
microstructures: Firstly, a large number of soil voids were filled with chemical grout patches. 
Secondly, the grout acted as chemical bonds, connecting the sand particles together 
(Anagnostopoulos et al 2011). Thirdly, the surface morphology of quartz sand was altered by 
silicate gel substances. These observations were consistent with the working mechanism of 
chemical grouting proposed by Vipulanandan and Krizek (1986). The microstructure difference 
in three samples is observed. Compared with sample NS-40%-CA-7DS (Figure 4.22), the 
relatively denser matrix were found in samples S45-50%-CA-7DS and S45-50%-Tri-7DS, as 
illustrated in Figure 4.20 and Figure 4.21. This is attributed to a lower level of syneresis (i.e., gel 
shrinkage) observed in S45 compared to NS (McDonald and Li 2017). As a result, more voids 
existed in the NS treated sample (NS-40%-CA-7DS). Finally, the gel micro fabric was visible at 
a magnification of 3000X, as shown in Figures 4.23 to 4.25. In samples S45-50%-CA-7DS and 
NS-40%-CA-7DS, the pattern of gel connection was cluster, as shown in Figure 4.23 and Figure 
4.25; in comparison, in sample S45-50%-Tri-7DS, the pattern of gel connection was honeycomb 
or net, as shown in Figure 4.24. The reason behind this difference is that both citric acid and 
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triacetin cause sodium silicate to polymerize by overcoming the buffering capacity; however, 
triacetin needs to hydrolyze to form acetic acid; then, acetic acid neutralizes the sodium silicate1. 
 Although most pores in untreated quartz sands were filled by chemical grout, there were 
voids remained vacant, as shown in Figures 4.20 to 4.22. The same observation was reported in 
the literature (Lucas et al 2011; Schiffman and Wilson 1956). Firstly, as discussed in Chapter 3, 
due to the limitation of laboratory condition, the highest achievable degree of saturation in this 
study was 74.2%, hence the soil voids were not filled by the grout. Secondly, as demonstrated in 
Section 4.4.2.2, the vacant voids were the result of gel shrinkage (syneresis). Finally, the 
accuracy of ESEM photos may play a role. Since the photos were taken on the sample failure 
surface, there was a chance that the angle of ESEM detector did not perfectly catch the grout gel, 
as suggested by the laboratory supervisor.  
 
4.6 Summary 
This chapter presented the strength, durability, and hydraulic conductivity of silicate 
treated quartz sand as affected by four influence factors, i.e., the silicate concentration, setting 
agent, curing time, and gel additive CaCl2. The microstructure and cementing morphology of 
grouted sand was studied by conducting ESEM test. 
                                                     
1 The reaction was obtained through personal communications with PQ Corporation  
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4.6.1 Unconfined compressive strength  
 The highest UCS for all grouted sand specimens was recorded as 128 kPa on sample S45-50%-
Tri-28DS+1%H, grouted by S45 silicate with a silicate concentration of 50%; the setting agent 
used was triacetin with 1% additive CaCl2, and curing time was 28 days. 
 The UCS of sample treated with S45 was over two times higher than that of NS, at the same 
silicate concentration, setting agent and curing time. 
 The unconfined compressive strength of S45 treated sample increased with silicate 
concentration.  
 The unconfined compressive strength of both NS and S45 grouted samples reached the peak 
value at the curing time of 1 day, and then remained constant in this study (from 1 day to 28 
days). 
 In terms of the unconfined compressive strength of both NS and S45 grouted samples, no 
difference was found between using setting agents citric acid and triacetin when CaCl2 was not 
added in the grout. 
 The gel additive CaCl2 significantly improved the unconfined compressive strength of silicate 
grouted samples. CaCl2 worked better with triacetin than citric acid, in terms of the unconfined 
compressive strength of silicate grouted samples.  
 
4.6.2 Wetting-drying durability  
 The best durability of grouted sand was registered on sample S45-50%-Tri-28DS+1%H, grouted 
by S45 silicate with a silicate concentration of 50%; the setting agent used was triacetin with 1% 
additive CaCl2, and curing time was 28 days, which passed all 12 cycles with the cumulative 
weight loss of 2.93%. 
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 Wetting-drying durability tests cannot be conducted on the sand samples grouted by NS, which 
crumbled in the first cycle of wetting.  
 The Wetting-drying durability of S45 silicate grouted sand was directly associated with silicate 
concentration in the grout; the increase in the silicate concentration resulted in the improvement 
of sample durability. 
 During the curing period 7 days to 28 days, the sample durability improved with time. 
 The samples treated using setting agent triacetin had better durability than that using citric acid.  
 The gel additive CaCl2 improved durability of silicate grouted samples. 
 
4.6.3 Hydraulic conductivity  
 The hydraulic conductivity of untreated medium-fine quartz sand was measured as 2.14x10-4 
m/s. The lowest hydraulic conductivity of S45 grouted sand measured in this study was 1.21 x 
10-8 m/s on sample S45-50%-Tri+1%H-7DSs, grouted by S45 silicate with a silicate 
concentration of 50 %; the setting agent used was triacetin with 1 % additive CaCl2, and curing 
time was 7 days, decreased around four orders of magnitude. 
 The higher silicate concentration in the grout resulted in lower sample hydraulic conductivity of 
grouted sand. 
 No difference on the hydraulic conductivity of S45 treated sand samples was found between the 
use of setting agent citric acid and triacetin.  
 Adding the gel additive CaCl2 into the grout further decreased the hydraulic conductivity of 
sand.  
 The hydraulic conductivity of silicate grouted sand increased with the curing time. All other 
factors being equal (silicate concentration, setting agent, and additive), the hydraulic 
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conductivity of the sand with curing time 7 days was one order of magnitude lower than that 
with curing time 28 days.  
 
4.6.4 ESEM 
 The ESEM analysis provided insight to the working mechanism of chemical grouting in sand. A 
large number of voids were filled by grout and soil particles were bound together by chemical 
grout. It was also observed that sand particles were coated by the grout. The importance of 
saturation in sample preparation for better cementation was observed in ESEM photos.  
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Table 4.1 Unconfined compressive strength for silicate grouted samples 
 
 
 
Sample ID 
Silicate 
Name 
Silicate 
Concentration 
(%) 
Setting Agent Hardener 
Curing 
Times 
(Days) 
Unconfined 
compressive 
strength (kPa) 
Standard 
Deviation 
(kPa) 
NS-40%-CA NS 40% Citric Acid N/A 
1 28.1 4.10 
7 28.5 5.66 
14 23.9 0.153 
28 29.8 1.43 
NS-30%-
CA+1%H 
NS 30% Citric Acid 
+1%CaCl2 
(100g/L) 
1 N/A N/A 
7 71.6 8.61 
14 74.5 4.82 
28 81.8 2.29 
S45-60%-CA S45 60% Citric Acid N/A 
N/A N/A N/A 
7 82.1 0.57 
14 86.1 5.05 
28 82.8 4.61 
S45-50%-CA S45 50% Citric Acid N/A 
1 75.3 1.41 
7 74.4 1.24 
14 71.0 2.72 
28 77.6 0.9 
S45-40%-CA S45 40% Citric Acid N/A 
1 68.4 5.44 
7 69.7 1.13 
14 64.4 0.96 
28 72.9 2.38 
S45-60%-
CA+1%H 
S45 60% Citric Acid 
+1%CaCl2 
(100g/L) 
N/A N/A N/A 
7 111.3 3.89 
14 122.4 9.46 
28 105.7 3.03 
S45-50%-
CA+1%H 
S45 50% Citric Acid 
+1%CaCl2 
(100g/L) 
N/A N/A N/A 
7 100.6 4.15 
14 93.3 0.071 
28 89.1 1.84 
S45-50%-Tri S45 50% Triacetin N/A 
N/A N/A N/A 
7 72.3 3.70 
14 79.7 4.79 
28 77.9 16.3 
S45-50%-
Tri+1%H 
S45 50% Triacetin 
+1%CaCl2 
(100g/L) 
N/A N/A N/A 
7 121.3 13.8 
14 132.9 8.26 
28 138 15.0 
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Table 4.2 Effects of silicate concentration on the wetting-drying durability of S45 treated 
samples 
Sample ID 
Silicate 
Concentration 
Setting 
Agent 
Hardener 
Curing 
Time 
(Days) 
Cumulative 
Weight 
Losing (%) 
Failed Cycle 
S45-50%-CA 50% 
Citric 
Acid 
N/A 7 
53.6% 
3rd Cycle 
Failed 
S45-60%-CA 60% 35.3% 
6th Cycle 
Failed 
S45-50%-CA+1%H 50% 
Citric 
Acid 
+1% 
CaCl2 
7 
50.9% 
5th Cycle 
Failed 
S45-60%-CA+1%H 60% 20.9% 
9th Cycle 
Failed 
 
 
 
Table 4.3 Effects of curing time on the wetting-drying durability of S45 treated samples 
Sample ID 
Silicate 
Concentration 
Setting 
Agent 
Hardener 
Curing 
Time 
(Days) 
Cumulative 
Weight 
Losing (%) 
Failed Cycle 
S45-60%-CA 60% 
Citric 
Acid 
N/A 
7 35.3% 
6th Cycle 
Failed 
28 3.34% 
Pass 12 
Cycles 
S45-50%-Tri 50% Triacertin N/A 
7 27.9% 
7th Cycle 
Failed 
28 8.66% 
Pass 12 
Cycles 
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Table 4.4 Effects of setting agent on the wetting-drying durability of S45 treated samples 
Sample ID 
Silicate 
Concentration 
Setting 
Agent 
Hardener 
Curing 
Time 
(Days) 
Cumulative 
Weight 
Losing (%) 
Failed Cycle 
S45-50% 50% 
Citric 
Acid 
N/A 7 
53.6% 
3rd Cycle 
Failed 
Triacetin 27.9% 
7th Cycle 
Failed 
S45-50% 50% 
Citric 
Acid 
N/A 28 
43.5% 
4th Cycle 
Failed 
Triacetin 8.66% 
Pass 12 
Cycles 
 
 
 
Table 4.5 Effects of gel additive CaCl2 on the wetting-drying durability of S45 treated 
samples 
Sample ID 
Silicate 
Concentration 
Setting 
Agent 
Hardener 
Curing 
Time 
(Days) 
Cumulative 
Weight 
Losing (%) 
Failed Cycle 
S45-50%-Tri 
50% 
Triacetin 
N/A 
7 
27.9% 
7th Cycle 
Failed 
+1%CaCl2 19.0% 
Pass 12 
Cycles 
S45-50%-CA 
Citric 
Acid 
N/A 53.6% 
3rd Cycle 
Failed 
+1%CaCl2 50.9% 
5th Cycle 
Failed 
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Table 4.6 Wetting-drying durability for S45 silicate grouted samples 
Sample ID 
Silicate 
Concentration 
Setting 
Agent 
Hardener 
Curing 
Time 
(Days) 
Cumulative 
Weight 
Losing (%) 
Standard 
deviation 
(%) 
Failed 
Cycle 
S45-60%-CA 60% 
Citric 
Acid 
N/A 
7  35.3% 11% 
6th Cycle 
Failed 
28  3.34% 2% 
Pass 12 
Cycles 
S45-60%-
CA+1%H 60% 
Citric 
Acid 
+1% 
CaCl2 
7  20.9% 4% 
9th Cycle 
Failed 
28  16.5% 14% 
Pass 12 
Cycles 
S45-50%-CA 50% 
Citric 
Acid 
N/A 
7  53.6% 9% 
3rd Cycle 
Failed 
28  43.5% 1% 
4th Cycle 
Failed 
S45-50%-
CA+1%H 50% 
Citric 
Acid 
+1% 
CaCl2 
7  50.9% 2% 
5th Cycle 
Failed 
28  47.1% 1% 
5th Cycle 
Failed 
S45-50%-Tri 50% Triacetin N/A 
7  27.9% 12% 
7th Cycle 
Failed 
28  8.66% 5% 
Pass 12 
Cycles 
S45-50%-
Tri+1%H 50% Triacetin 
+1% 
CaCl2 
7  19.0% 11% 
Pass 12 
Cycles 
28  2.93% N/A 
Pass 12 
Cycles 
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Table 4.7 Hydraulic conductivity test results for S45 silicate grouted samples 
 
Sample ID Concentration Reactant 
Hardener 
(CaCl2) 
Curing Time 
(Days) 
Hydraulic 
conductivity 
(m/s) 
Untreated Sand N/A N/A N/A N/A 2.14x10-4 m/s 
S45-60%-CA 60% Citric Acid N/A 
7 3.63x10-8 m/s 
28 1.82x10-7 m/s 
S45-50%-CA 50% Citric Acid N/A 
7 9.72x10-8 m/s 
28 3.64x10-7 m/s 
S45-50%-
CA+1%H 50% Citric Acid +1% CaCl2 
7 2.42x10-8 m/s 
28 1.03x10-7 m/s 
S45-50%-Tri 50% Triacetin N/A 
7 9.47x10-8 m/s 
28 1.27x10-7 m/s 
S45-50%-
Tri+1%H 50% Triacetin +1% CaCl2 
7 1.21x10-8 m/s 
28 1.51x10-7 m/s 
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Figure 4.1 Unconfined compressive strength for samples treated with NS and 
S45, at the silicate concentration of 40% 
 
Figure 4.2 Effects of silicate concentration on unconfined compressive strength 
of S45-treated samples (curing time 7days)  
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Figure 4.3 Effects of silicate concentration on unconfined compressive strength 
of S45-treated samples (curing time 14 days) 
 
Figure 4.4 Effects of silicate concentration on unconfined compressive strength 
of S45-treated samples (curing time 28 days)  
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Figure 4.5 The failure surface of the sample S45-50%-CA-28DS 
 
Figure 4.6 Effects of curing time on unconfined compressive strength of S45 
and NS treated samples (error bar is shown in Figure 4.1-4.4) 
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Figure 4.7 Effects of setting agent on unconfined compressive strength of S45 
treated samples 
 
Figure 4.8 Effects of gel additive CaCl 2 on unconfined compressive strength of 
NS treated samples 
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Figure 4.9 Effects of gel additive CaCl 2 on unconfined compressive strength of 
S45 treated samples 
 
Figure 4.10 Effects of gel additive CaCl 2 with different setting agents on 
unconfined compressive strength of S45 treated samples  
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Figure 4.11 Unconfined compressive strength for all silicate grouted samples 
tested in this study 
 
 
Figure 4.12 Failed sample NS-40%-CA-7DS in wetting-drying durability test 
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Figure 4.13 Failed sample NS-30%-CA-7DS+1%H in wetting-drying durability 
test 
 
 
Figure 4.14 (a) sample S45-50%-CA-7DS after the 1st dry cycle 
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Figure 4.14 (b) sample S45-50%-CA-7DS after the 2nd dry cycle 
 
Figure 4.14 (c) sample S45-50%-CA-7DS after the 3rd dry cycle 
 
Figure 4.15 (a) sample S45-50%-Tri-7DS+1%H 
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Figure 4.15 (b) sample S45-50%-Tri-7DS+1%H After 1st dry cycle  
 
 
Figure 4.15 (c) sample S45-50%-Tri-7DS+1%H After 2nd  dry cycle 
 
 
Figure 4.15 (d) sample S45-50%-Tri-7DS+1%H After 3rd dry cycle 
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Figure 4.15 (e) sample S45-50%-Tri-7DS+1%H After 4th dry cycle 
 
Figure 4.15 (f) sample S45-50%-Tri-7DS+1%H After 5th dry cycle 
 
 
Figure 4.15 (g) sample S45-50%-Tri-7DS+1%H After 6th dry cycle 
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Figure 4.15 (h) sample S45-50%-Tri-7DS+1%H After 7th dry cycle  
 
Figure 4.15 (i) sample S45-50%-Tri-7DS+1%H After 8th dry cycle 
 
Figure 4.15 (j) sample S45-50%-Tri-7DS+1%H After 9th dry cycle 
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Figure 4.15 (k) sample S45-50%-Tri-7DS+1%H After 10th dry cycle 
 
Figure 4.15 (l) sample S45-50%-Tri-7DS+1%H After 11th dry cycle 
 
Figure 4.15 (m) sample S45-50%-Tri-7DS+1%H After 12th dry cycle 
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Figure 4.16 Effects of silicate concentration on hydraulic conductivity of S45 
treated samples 
 
Figure 4.17 (a) Effects of curing time on the hydraulic conductivity of S45 
treated samples 
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Figure 4.17 (b) Effects of curing time on the hydraulic conductivity of S45 
treated samples 
 
Figure 4.18 Effects of setting agent on the hydraulic conductivity of S45 treated 
samples 
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Figure 4.19 (a) Effects of additive CaCl2 on the hydraulic conductivity of S45 
treated samples 
 
Figure 4.19 (b) Effects of additive CaCl 2 on the hydraulic conductivity of S45 
treated samples 
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Figure 4.20 ESEM imaging on S45-50%-Citric Acid-7Days (Mag=400X) 
 
Figure 4.21 ESEM imaging on sample S45-50%-Triacetin-7Days (Mag=400X) 
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Figure 4.22 ESEM imaging on sample NS-40%-Citric Acid-7Days (Mag=400X) 
 
Figure 4.23 ESEM imaging on sample S45-50%-Citric Acid-7Days (Mag=3000X) 
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Figure 4.24 ESEM imaging on sample S45-50%-Triacetin-7Days (Mag=3000X) 
 
Figure 4.25 ESEM imaging on sample NS-40%-Citric Acid-7Days (Mag=3000X) 
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CHAPTER 5 CONCLUSIONS AND RECOMMONDATION 
5.1 Summary 
Chemical grouting has been used for improving the properties of in-site soil for decades. 
Having a thorough understanding on properties of grout as well as the behavior of grouted soil is 
critical for engineering design. In today’s practice, an engineering design of chemical grouting is 
mainly dependent on laboratory studies and field pilot test due to variations of local ground 
conditions.  
In this research, a study on chemical stabilization of quartz sand was conducted. This 
study was mainly focused on two issues, i.e., the cementation effect of quartz sand by silicate 
grouting, and the influence of parameters on the behavior of silicate grouted samples. This study 
was carried out in three phases: 
1. Characterization of properties of untreated quartz sand and sodium silicate grout prior to the 
chemical treatment.  
2. Measurement of the unconfined compressive strength, durability and hydraulic conductivity of 
silicate grouted samples. The influence of factors, including silicate concentration, curing time, 
setting agent, and additive CaCl2 on these properties are documented and studied. 
3. Observation of the microstructure of silicate grouted sand samples using environmental scanning 
electron microscopy. The mechanism of chemical cementation is discussed through the 
observations.   
 
5.2 Conclusions 
The main conclusions of this thesis are listed as follows: 
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 The sand employed in this study has the coefficient of uniformity (Cu) 2.02, D10=0.163mm, 
D30=0.230mm, and D60=0.330mm. According to the unified soil classification system (USCS), 
this sand is classified as SP. The hydraulic conductivity of the sand is 2.14x10-4 m/s under the 
dry unit weight of 15.8kN/m3. The molecular weight of a newly developed silicate solution, S45 
(542) is significantly higher than that of NS (256), the conventional silicate used in practice. The 
actual degree of saturation for the silicate grouted sample in this study was 74.2%±5%. The 
average moisture content and dry unit weight for silicate grouted sample was 17.5% and 16.0 
kN/m3, respectively. 
 The highest unconfined compressive strength for all grouted sand specimens was recorded as 
138 kPa on sample S45-50%-Tri-28DS+1%H, grouted by S45 silicate with a silicate 
concentration of 50%; the setting agent used was triacetin with 1% additive CaCl2, and curing 
time was 28 days. The best wetting-drying durability of S45 grouted sand was registered on 
sample S45-50%-Tri-28DS+1%H, which passed 12 cycles with the cumulative weight loss of 
2.93%. The lowest hydraulic conductivity of S45 grouted sand measured in this study was 1.21 x 
10-8m/s on sample S45-50%-Tri-7DS+1%H, decreased around four orders of magnitude 
compared to untreated sand.  
 Both increasing silicate concentration and adding gel additive CaCl2 in silicate grout solution 
significantly improve the performance of silicate grout cementation, in terms of increasing the 
unconfined compressive strength, improving the wetting-drying durability, and decreasing the 
hydraulic conductivity of silicate grouted sand.    
 The gel additive CaCl2 worked better with triacetin than citric acid, in terms of the unconfined 
compressive strength of silicate grouted sand sample. After 7 days of curing, sample S45-50%-
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CA-7DS+1%H achieved UCS of 100.6 kPa, while sample S45-50%-Tri-7DS+1%H had UCS of 121.3 
kPa.  
 Curing time and setting agent considerably affect the wetting-drying durability of S45 silicate 
treated sand sample. Ranging from 7days to 28 days, durability of all tested samples improved 
with curing time. The samples treated by using setting agent triacetin had better durability than 
the sample grouted by using setting agent citric acid. After 7 days of curing, sample S45-50%-
CA-7DS failed at 3rd cycle; whereas, sample S45-50%-Tri-7DS failed at 7th cycle.  
 The hydraulic conductivity of S45 silicate grouted sand increased with curing time. All other 
factors being equal (silicate concentration, setting agent, and additive), the hydraulic 
conductivity of the sand treated by S45 with curing time 7days was one order of magnitude 
lower than that with curing time 28 days, i.e., the hydraulic conductivity of sample S45-50%-
Tri+1%H increased from 1.21x10-8 m/s to 1.51x10-7m/s when the curing time increased from 7 
days to 28 days. 
 At the same silicate concentration (40%), and curing time (7days, 14 days, and 28 days), the 
unconfined compressive strength of the sample treated with S45 was over two times higher than 
that of NS. Moreover, wetting-drying durability tests cannot be conducted on the samples 
grouted with NS since the samples treated with NS (NS-40%-CA-7DS and NS-30%-CA-
7DS+1%H) crumbled in the first cycle of wetting. WDD test can be carried out on all samples 
treated by S45 silicate. 
 The ESEM images on grouted sand samples manifested the working mechanism of chemical 
grouting in sand, including filling voids, bonding and coating soil particles. The importance of 
saturation in sample preparation for better cementation was observed in ESEM photos. 
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5.3 Recommendations 
Recommendations for the future research are as follows: 
 Use specific equipment to prepare fully saturated samples with silicate grout.  
 Conducting field pilot test to study penetration pattern and penetration capability of S45 silicate 
grout. 
 Investigate the behavior of the sample treated by S45 silicate grout with other setting agents, 
such as dibasic ester. 
 Investigate the effects of other additives such clay and salts on the behavior of silicate grouted 
sand.  
 Study the soil mechanics properties of S45 silicate grouted samples under triaxial tests and creep 
tests. 
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Appendix A. The properties of silicate grouted sand 
 
Table A-1. NS-Citric Acid-40% 
Sample ID 
Curing 
Time 
(Days) 
Mass 
of 
Sample 
(g) 
Diameter 
Average 
(mm) 
Length 
Average 
(mm) 
Volume 
of 
Sample 
(m3) 
Water Content Test 
 
Water 
Content 
(%) 
Bulk 
unit 
weight 
(kN/m3) 
Dry  
unit 
weight 
(kN/m3) 
Void 
Ratio 
(e) 
Degree of 
Saturation 
(S) 
Mass 
of 
Can 
(g) 
Mass of 
Can+wet 
soil (g) 
Mass of 
Can+dry 
soil (g) 
Mass 
of 
water 
(g) 
Dry 
soil 
(g) 
NS-40-CA-15 
1 
396 50.3 101 0.000200 1.29 46.8 40.1 6.73 38.8 17.3% 19.4 16.5 0.570 80.6% 
NS-40-CA-16 398 50.6 102 0.000206 1.29 45.4 39.1 6.36 37.8 16.8% 19.0 16.2 0.601 74.3% 
NS-40-CA-1 
7 
398 50.3 103 0.000204 1.29 53.5 46.1 7.34 44.9 16.4% 19.1 16.5 0.578 75.0% 
NS-40-CA-9 396 50.5 104 0.000208 1.29 44.0 38.2 5.77 36.9 15.6% 18.6 16.1 0.611 67.8% 
NS-40-CA-13 398 50.7 104 0.000209 1.29 46.8 40.3 6.49 39.0 16.6% 18.7 16.0 0.622 70.8% 
NS-40-CA-4 
14 
394 50.5 100 0.000201 1.29 49.9 43.0 6.95 41.7 16.7% 19.2 16.4 0.579 76.3% 
NS-40-CA-5 389 50.5 103 0.000206 1.29 50.9 44.0 6.96 42.7 16.3% 18.5 15.9 0.633 68.2% 
NS-40-CA-6 392 50.4 104 0.000207 1.29 45.1 39.1 6.04 37.8 16.0% 18.6 16.0 0.622 68.1% 
NS-40-CA-11 
28 
394 50.5 103 0.000205 1.29 52.0 44.7 7.31 43.4 16.8% 18.8 16.1 0.612 73.0% 
NS-40-CA-12 389 50.5 103 0.000206 1.29 46.6 40.4 6.28 39.1 16.1% 18.5 15.9 0.633 67.3% 
NS-40-CA-14 392 50.4 104 0.000207 1.29 49.6 42.8 6.82 41.5 16.4% 18.6 16.0 0.628 69.3% 
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Table A-2. NS-30%-Citric Acid+1%H 
Sample ID 
Curing 
Time 
(Days) 
Mass 
of 
Sample 
(g) 
Diameter 
Average 
(mm) 
Length 
Average 
(mm) 
Volume 
of Sample 
(m3) 
Water Content Test 
 
Water 
Content 
(%) 
Bulk 
unit 
weight 
(kN/m3) 
Dry 
unit 
weight 
(kN/m3) 
Void 
Ratio 
(e) 
Degree of 
Saturation 
(S) 
Mass 
of 
Can 
(g) 
Mass of 
Can+wet 
soil (g) 
Mass of 
Can+dry 
soil (g) 
Mass 
of 
water 
(g) 
Dry 
soil 
(g) 
NS-30-CA+1H-3 
7 
390 50.3 103 0.000204 1.29 40.1 34.7 5.42 33.4 16.2% 18.8 16.2 0.607 70.9% 
NS-30-CA+1H-4 389 50.5 104 0.000208 1.29 47.9 41.1 6.71 39.9 16.8% 18.3 15.7 0.656 68.0% 
NS-30-CA+1H-5 388 50.7 104 0.000209 1.29 53.4 45.6 7.74 44.3 17.5% 18.2 15.5 0.675 68.6% 
NS-30-CA+1H-2 
14 
394 50.5 100 0.000201 1.29 49.9 43.0 6.95 41.7 16.7% 19.2 16.5 0.578 76.4% 
NS-30-CA+1H-6 389 50.5 103 0.000206 1.29 50.9 44.0 6.96 42.7 16.3% 18.5 15.9 0.633 68.2% 
NS-30-CA+1H-7 392 50.4 104 0.000207 1.29 50.5 43.4 7.06 42.1 16.8% 18.6 15.9 0.633 70.2% 
NS-30-CA+1H-8 
28 
394 50.5 103 0.000205 1.29 44.4 38.1 6.21 36.9 16.9% 18.8 16.1 0.613 72.9% 
NS-30-CA+1H-9 389 50.5 103 0.000207 1.29 42.1 36.4 5.73 35.1 16.3% 18.5 15.9 0.637 67.9% 
NS-30-CA+1H-10 392 50.4 104 0.000207 1.29 55.6 47.8 7.74 46.5 16.6% 18.5 15.9 0.635 69.4% 
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Table A-3. S45-60%-Citric Acid 
 
Sample ID 
Curing 
Time 
(Days) 
Mass 
of 
Sample 
(g) 
Diameter 
Average 
(mm) 
Length 
Average 
(mm) 
Volume 
of Sample 
(m3) 
Water Content Test 
 
Water 
Content 
(%) 
Bulk 
unit 
weight 
(kN/m3) 
Dry 
unit 
weight 
(kN/m3) 
Void 
Ratio 
(e) 
Degree of 
Saturation 
(S) 
Mass 
of 
Can 
(g) 
Mass of 
Can+wet 
soil (g) 
Mass of 
Can+dry 
soil (g) 
Mass 
of 
water 
(g) 
Dry 
soil 
(g) 
S45-60-CA-4 
7 
387 50.6 101 0.000202 1.29 46.4 39.7 6.71 38.4 17.5% 18.8 16.0 0.626 74.0% 
S45-60-CA-5 385 50.5 101 0.000202 1.29 43.3 37.0 6.24 35.7 17.5% 18.7 15.9 0.630 73.5% 
S45-60-CA-6 385 50.6 101 0.000203 1.29 50.5 43.4 7.08 42.1 16.8% 18.6 15.9 0.629 70.9% 
S45-60-CA-17 
14 
384 50.6 101 0.000202 1.29 42.3 36.6 5.77 35.3 16.4% 18.7 16.0 0.620 69.9% 
S45-60-CA-18 385 50.8 101 0.000204 1.29 39.4 33.8 5.62 32.5 17.3% 18.5 15.8 0.644 71.1% 
S45-60-CA-19 387 50.6 101 0.000202 1.29 46.1 39.7 6.46 38.4 16.8% 18.7 16.0 0.620 71.9% 
S45-60-CA-14 
28 
385 50.2 100 0.000199 1.29 60.0 52.0 8.05 50.7 15.9% 19.0 16.4 0.583 72.2% 
S45-60-CA-15 384 50.4 100 0.000200 1.29 61.1 52.8 8.30 51.5 16.1% 18.8 16.2 0.603 70.8% 
S45-60-CA-16 384 50.5 100 0.000201 1.29 56.3 48.7 7.60 47.4 16.0% 18.7 16.1 0.611 69.6% 
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Table A-4. S45-60%-Citric Acid+1%H 
 
Sample ID 
Curing 
Time 
(Days) 
Mass 
of 
Sample 
(g) 
Diameter 
Average 
(mm) 
Length 
Average 
(mm) 
Volume 
of Sample 
(m3) 
Water Content Test 
 
Water 
Content 
(%) 
Bulk 
unit 
weight 
(kN/m3) 
Dry 
unit 
weight 
(kN/m3) 
Void 
Ratio 
(e) 
Degree of 
Saturation 
(S) 
Mass 
of 
Can 
(g) 
Mass of 
Can+wet 
soil (g) 
Mass of 
Can+dry 
soil (g) 
Mass 
of 
water 
(g) 
Dry 
soil 
(g) 
S45-60-CA+1H-1 
7 
386 50.7 101 0.000203 1.29 52.7 45.4 7.31 44.1 16.6% 18.7 16.0 0.621 70.7% 
S45-60-CA+1H-2 385 50.5 101 0.000202 1.29 51.4 44.2 7.21 42.9 16.8% 18.7 16.0 0.621 71.7% 
S45-60-CA+1H-3 385 50.6 101 0.000203 1.29 46.5 40.2 6.32 38.9 16.3% 18.6 16.0 0.620 69.5% 
S45-60-CA+1H-4 
14 
386 50.4 100 0.000200 1.29 52.4 45.2 7.20 43.9 16.4% 18.9 16.2 0.603 72.2% 
S45-60-CA+1H-5 388 50.4 100 0.000199 1.29 52.4 45.0 7.43 43.7 17.0% 19.1 16.3 0.595 75.8% 
S45-60-CA+1H-6 386 50.5 101 0.000201 1.29 47.8 41.0 6.78 39.7 17.1% 18.8 16.0 0.620 73.0% 
S45-60-CA+1H-7 
28 
385 50.2 100 0.000199 1.29 45.2 38.8 6.41 37.5 17.1% 19.0 16.2 0.602 75.2% 
S45-60-CA+1H-8 386 50.4 100 0.000200 1.29 52.9 45.6 7.27 44.3 16.4% 18.9 16.2 0.600 72.6% 
S45-60-CA+1H-9 387 50.4 100 0.000200 1.29 56.8 48.7 8.11 47.4 17.1% 19.0 16.2 0.601 75.5% 
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Table A-5. S45-50%-Citric Acid 
 
Sample ID 
Curing 
Time 
(Days) 
Mass 
of 
Sample 
(g) 
Diameter 
Average 
(mm) 
Length 
Average 
(mm) 
Volume 
of Sample 
(m3) 
Water Content Test 
 
Water 
Content 
(%) 
Bulk 
unit 
weight 
(kN/m3) 
Dry 
unit 
weight 
(kN/m3) 
Void 
Ratio 
(e) 
Degree of 
Saturation 
(S) 
Mass 
of 
Can 
(g) 
Mass of 
Can+wet 
soil (g) 
Mass of 
Can+dry 
soil (g) 
Mass 
of 
water 
(g) 
Dry 
soil 
(g) 
S45-50-CA-23 
1 
387 50.5 101 0.000202 1.29 42.1 36.3 5.80 35.1 16.5% 18.8 16.1 0.608 72.1% 
S45-50-CA-24 387 50.6 100 0.000202 1.29 44.2 38.2 5.98 36.9 16.2% 18.8 16.2 0.606 70.9% 
S45-50-CA-1 
7 
388 50.7 101 0.000203 1.29 40.8 34.7 6.06 33.4 18.1% 18.8 15.9 0.635 75.7% 
S45-50-CA-2 388 50.5 101 0.000202 1.29 40.7 35.3 5.39 34.0 15.8% 18.8 16.2 0.599 70.1% 
S45-50-CA-3 388 50.6 101 0.000203 1.29 40.6 35.2 5.38 33.9 15.9% 18.7 16.2 0.605 69.4% 
S45-50-CA-4 
14 
387 50.4 100 0.000200 1.29 45.2 39.0 6.20 37.7 16.5% 18.9 16.3 0.597 73.1% 
S45-50-CA-5 387 50.4 100 0.000199 1.29 52.4 45.0 7.43 43.7 17.0% 19.0 16.2 0.599 75.2% 
S45-50-CA-6 386 50.5 101 0.000201 1.29 47.8 41.0 6.78 39.7 17.1% 18.8 16.0 0.620 73.0% 
S45-50-CA-16 
28 
386 50.2 100 0.000199 1.29 43.7 37.6 6.09 36.3 16.8% 19.1 16.3 0.592 75.2% 
S45-50-CA-20 387 50.4 100 0.000200 1.29 49.2 42.0 7.15 40.7 17.6% 18.9 16.1 0.613 75.9% 
S45-50-CA-21 389 50.5 100 0.000201 1.29 42.6 36.7 5.92 35.4 16.7% 18.9 16.2 0.602 73.7% 
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Table A-6. S45-50%-Citric Acid+1%H  
 
Sample ID 
Curing 
Time 
(Days) 
Mass 
of 
Sample 
(g) 
Diameter 
Average 
(mm) 
Length 
Average 
(mm) 
Volume 
of 
Sample 
(m3) 
Water Content Test 
 
Water 
Content 
(%) 
Bulk 
unit 
weight 
(kN/m3) 
Dry 
unit 
weight 
(kN/m3) 
Void 
Ratio 
(e) 
Degree of 
Saturation 
(S) 
Mass 
of 
Can 
(g) 
Mass of 
Can+wet 
soil (g) 
Mass of 
Can+dry 
soil (g) 
Mass 
of 
water 
(g) 
Dry 
soil 
(g) 
S45-50-CA+1H-
1 
7 
386 50.7 100 0.000202 1.29 40.1 34.6 5.55 33.3 16.7% 18.7 16.1 0.617 71.7% 
S45-50-CA+1H-
2 
386 50.5 101 0.000201 1.29 41.8 35.7 6.05 34.4 17.6% 18.8 16.0 0.624 74.6% 
S45-50-CA+1H-
3 
386 50.4 100 0.000199 1.29 42.2 36.0 6.22 34.7 17.9% 19.0 16.1 0.611 77.8% 
S45-50-CA+1H-
4 
14 
386 50.4 100 0.000199 1.29 52.8 45.4 7.43 44.1 16.9% 19.1 16.3 0.593 75.4% 
S45-50-CA+1H-
5 
385 50.6 100 0.000201 1.29 53.7 46.0 7.77 44.7 17.4% 18.8 16.0 0.623 73.9% 
S45-50-CA+1H-
6 
28 
385 50.4 101 0.000201 1.29 61.8 52.8 8.96 51.6 17.4% 18.8 16.0 0.620 74.3% 
S45-50-CA+1H-
7 
385 50.5 101 0.000201 1.29 52.3 44.7 7.54 43.4 17.4% 18.7 15.9 0.629 73.1% 
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Table A-7. S45-50%-Triacetin 
 
Sample 
ID 
Curing 
Time 
(Days) 
Mass of 
Sample 
(g) 
Diameter 
Average 
(mm) 
Length 
Average 
(mm) 
Volume 
of 
Sample 
(m3) 
Water Content Test 
 
Water 
Content 
(%) 
Bulk 
unit 
weight 
(kN/m3) 
Dry 
unit 
weight 
(kN/m3) 
Void 
Ratio 
(e) 
Degree of 
Saturation 
(S) 
Mass 
of Can 
(g) 
Mass of 
Can+wet 
soil (g) 
Mass of 
Can+dry 
soil (g) 
Mass of 
water 
(g) 
Dry 
soil 
(g) 
S45-50-
Tri-4 
7 
382 50.5 100 0.000201 1.29 44.0 38.2 5.84 36.9 15.8% 18.7 16.1 0.612 68.5% 
S45-50-
Tri-5 
382 50.2 100 0.000198 1.29 40.3 34.7 5.59 33.4 16.7% 18.9 16.2 0.604 73.4% 
S45-50-
Tri-6 
382 50.2 100 0.000198 1.29 50.2 43.4 6.78 42.1 16.1% 18.9 16.3 0.595 71.7% 
S45-50-
Tri-10 
14 
383 50.5 100 0.000200 1.29 40.8 35.2 5.63 33.9 16.6% 18.7 16.1 0.618 71.2% 
S45-50-
Tri-11 
381 50.2 100 0.000198 1.29 39.5 33.9 5.58 32.6 17.1% 18.8 16.1 0.615 73.7% 
S45-50-
Tri-12 
382 50.2 100 0.000199 1.29 50.6 43.7 6.94 42.4 16.4% 18.9 16.2 0.602 72.2% 
S45-50-
Tri-17 
28 
379 50.5 100 0.000201 1.29 41.3 35.4 5.91 34.1 17.3% 18.5 15.8 0.645 71.1% 
S45-50-
Tri-18 
382 50.2 100 0.000198 1.29 51.2 44.4 6.72 43.1 15.6% 18.9 16.4 0.586 70.4% 
S45-50-
Tri-19 
382 50.2 100 0.000198 1.29 52.5 44.8 7.71 43.5 17.7% 18.9 16.0 0.620 75.8% 
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Table A-8. S45-50%-Tricaetin+1%H 
 
Sample 
ID 
Curing 
Time 
(Days) 
Mass of 
Sample 
(g) 
Diameter 
Average 
(mm) 
Length 
Average 
(mm) 
Volume 
of 
Sample 
(m3) 
Water Content Test 
 
Water 
Content 
(%) 
Bulk 
unit 
weight 
(kN/m3) 
Dry 
unit 
weight 
(kN/m3) 
Void 
Ratio 
(e) 
Degree of 
Saturation 
(S) 
Mass 
of Can 
(g) 
Mass of 
Can+wet 
soil (g) 
Mass of 
Can+dry 
soil (g) 
Mass of 
water 
(g) 
Dry 
soil 
(g) 
S45-50-
Tri+1H-
1 
7 
385 50.6 101 0.000202 1.29 45.9 39.3 6.58 38.0 17.3% 18.7 15.9 0.630 72.8% 
S45-50-
Tri+1H-
2 
384 50.5 101 0.000202 1.29 43.7 38.0 5.75 36.7 15.7% 18.6 16.1 0.613 67.8% 
S45-50-
Tri+1H-
3 
384 50.6 101 0.000203 1.29 46.9 40.3 6.60 39.0 16.9% 18.6 15.9 0.637 70.4% 
S45-50-
Tri+1H-
4 
14 
385 50.6 101 0.000202 1.29 54.3 46.6 7.75 45.3 17.1% 18.7 16.0 0.625 72.5% 
S45-50-
Tri+1H-
5 
385 50.5 101 0.000202 1.29 50.3 43.5 6.82 42.2 16.2% 18.7 16.1 0.615 69.7% 
S45-50-
Tri+1H-
6 
385 50.6 101 0.000203 1.29 60.0 51.3 8.62 50.0 17.2% 18.6 15.9 0.637 71.7% 
S45-50-
Tri+1H-
7 
28 
385 50.2 100 0.000199 1.29 51.0 44.0 7.04 42.7 16.5% 19.0 16.3 0.591 73.9% 
S45-50-
Tri+1H-
8 
386 50.4 100 0.000200 1.29 49.4 42.4 7.09 41.1 17.3% 18.9 16.1 0.611 74.9% 
S45-50-
Tri+1H-
9 
386 50.5 100 0.000201 1.29 54.1 46.5 7.58 45.2 16.8% 18.8 16.1 0.613 72.4% 
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Table A-9. S45-40%-Citric Acid 
Sample 
ID 
Curing 
Time 
(Days) 
Mass of 
Sample 
(g) 
Diameter 
Average 
(mm) 
Length 
Average 
(mm) 
Volume 
of 
Sample 
(m3) 
Water Content Test 
 
Water 
Content 
(%) 
Bulk 
unit 
weight 
(kN/m3) 
Dry 
unit 
weight 
(kN/m3) 
Void 
Ratio 
(e) 
Degree of 
Saturation 
(S) 
Mass 
of Can 
(g) 
Mass of 
Can+wet 
soil (g) 
Mass of 
Can+dry 
soil (g) 
Mass of 
water 
(g) 
Dry 
soil 
(g) 
S45-40-
CA-23 
1 
387 50.6 100 0.000202 1.29 45.7 38.9 6.83 37.6 18.2% 18.8 15.9 0.635 75.8% 
S45-40-
CA-24 
386 50.5 101 0.000202 1.29 43.3 36.9 6.41 35.6 18.0% 18.8 15.9 0.633 75.4% 
S45-40-
CA-1 
7 
387 50.7 100 0.000202 1.29 42.5 36.3 6.22 35.0 17.8% 18.8 16.0 0.628 75.1% 
S45-40-
CA-2 
385 50.5 101 0.000201 1.29 43.0 36.6 6.40 35.3 18.1% 18.8 15.9 0.636 75.6% 
S45-40-
CA-3 
386 50.4 100 0.000199 1.29 41.3 35.3 5.96 34.0 17.5% 19.0 16.2 0.603 76.9% 
S45-40-
CA-4 
14 
386 50.4 100 0.000199 1.29 43.6 37.2 6.41 35.9 17.9% 19.1 16.2 0.606 78.2% 
S45-40-
CA-5 
386 50.1 100 0.000197 1.29 44.5 38.0 6.53 36.7 17.8% 19.2 16.3 0.592 79.6% 
S45-40-
CA-6 
386 50.6 100 0.000201 1.29 45.2 38.1 7.12 36.8 19.4% 18.8 15.7 0.649 79.0% 
S45-40-
CA-20 
28 
387 50.7 101 0.000203 1.29 42.9 37.1 5.80 35.8 16.2% 18.7 16.1 0.617 69.6% 
S45-40-
CA-21 
386 50.5 101 0.000201 1.29 42.7 36.7 6.05 35.4 17.1% 18.8 16.0 0.621 73.0% 
S45-40-
CA-22 
386 50.5 100 0.000200 1.29 46.9 39.8 7.10 38.5 18.4% 18.9 15.9 0.632 77.4% 
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Appendix B. Unconfined compressive strength of silicate grouted sample 
Table B-1. NS -40%-Citric Acid 
 
Silicate solution 
Type Concentration 
Setting 
agent 
Curing 
time 
(days) 
Hardener 
Volume of 
solutions 
per mold 
Formula of solution 
Part A Part B 
Gel time 
(hours) 
Silicate 
(ml) 
Tap water 
(ml) 
Citric Acid 
(mL) 
Tap water 
(mL) 
N-S 40% 
Citric 
acid 
7; 14; 28 N/A ~55mL 40 20 30 10 4~5 
Sample ID. 
Curing time 
(days) 
Water Content 
Before treatment 
Water Content 
After treatment 
Bulk unit 
weight 
(kN/m3) 
Dry unit 
weight 
(kN/m3) 
Unconfined compressive 
strength (kPa) 
NS-40-CA-15 
1 
5% 17% 19.4 16.5 31.0 
NS-40-CA-16 5% 17% 19.0 16.2 25.2 
Average Value 5% 17% 19.2 16.4 28.1 
NS-40-CA-1 
7 
5% 16% 19.2 16.5 22.1 
NS-40-CA-9 5% 16% 18.7 16.1 31.8 
NS-40-CA-13 5% 17% 18.7 16.0 32.0 
Average Value 5% 16% 18.8 16.2 28.5 
NS-40-CA-4 
14 
5% 17% 19.7 17.3 23.9 
NS-40-CA-5 5% 16% 19.1 16.8 23.8 
NS-40-CA-6 5% 16% 19.5 16.9 24.1 
Average Value 5% 16% 19.4 17.0 23.9 
NS-40-CA-11 
28 
5% 17% 19.7 17.3 29.5 
NS-40-CA-12 5% 16% 19.1 16.8 31.4 
NS-40-CA-14 5% 16% 19.5 16.9 28.6 
Average Value 5% 16% 19.4 17.0 29.8 
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Table B-2. NS -30%-Citric Acid+1% H 
 
Silicate solution 
Type Concentration 
Setting 
agent 
Curing 
time 
(days) 
Hardener 
Volume of 
solutions 
per mold 
Formula of solution 
Part A Part B 
Gel time 
(hours) 
Silicate 
(ml) 
Tap water 
(ml) 
Citric 
Acid 
(mL) 
Tap 
water 
(mL) 
100g/
L 
CaCl2 
(mL) 
N-S 30% 
Citric 
acid 
7; 14; 28 CaCl2 ~55mL 30 30 25 14 1 1hr45mins 
Sample ID. 
Curing time 
(days) 
Water Content 
Before treatment 
Water Content 
After treatment 
Bulk unit 
weight 
(kN/m3) 
Dry unit 
weight 
(kN/m3) 
Unconfined compressive 
strength (kPa) 
NS-30-CA+1H-3 
7 
5% 16% 18.8 16.2 81.1 
NS-30-CA+1H-4 5% 17% 18.3 15.7 64.3 
NS-30-CA+1H-5 5% 17% 18.2 15.5 69.4 
Average  5% 17% 18.4 15.8 71.6 
NS-30-CA+1H-2 
14 
5% 17% 19.7 17.3 69.4 
NS-30-CA+1H-6 5% 16% 19.1 16.8 79.0 
NS-30-CA+1H-7 5% 17% 19.5 16.9 75.0 
Average 5% 17% 19.4 17.0 74.5 
NS-30-CA+1H-8 
28 
5% 17% 19.7 17.3 82.3 
NS-30-CA+1H-9 5% 16% 19.1 16.8 79.3 
NS-30-CA+1H-10 5% 17% 19.5 16.9 83.8 
Average 5% 17% 19.4 17.0 81.8 
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Table B-3. S45-60%-Citric Acid 
 
Silicate solution 
Type Concentration 
Setting 
agent 
Curing 
time 
(days) 
Hardener 
Volume of 
solutions 
per mold 
Formula of solution 
Part A Part B 
Gel time 
(hours) 
Silicate 
(ml) 
Tap water 
(ml) 
Citric Acid 
(mL) 
Tap water 
(mL) 
S45 60% 
Citric 
acid 
7; 14; 28 N/A ~55mL 60 10 11 19 4~5 
Sample ID. 
Curing time 
(days) 
Water Content 
Before treatment 
Water Content 
After treatment 
Bulk unit 
weight 
(kN/m3) 
Dry unit 
weight 
(kN/m3) 
Unconfined compressive 
strength (kPa) 
S45-60-CA-4* 
7 
5% 17% 18.9 16.1 72.2 
S45-60-CA-5 5% 17% 18.7 15.9 87.4 
S45-60-CA-6 5% 17% 18.6 15.9 86.6 
Average Value 5% 17% 18.7 16.0 82.1 
S45-60-CA-17 
14 
5% 16% 18.8 16.1 83.2 
S45-60-CA-18 5% 17% 18.7 15.9 91.9 
S45-60-CA-19 5% 17% 18.7 16.0 83.1 
Average Value 5% 17% 18.7 16.0 86.1 
S45-60-CA-14 
28 
5% 16% 19.1 16.5 73.8 
S45-60-CA-15 5% 16% 18.9 16.3 76.6 
S45-60-CA-16 5% 16% 18.8 16.2 82.8 
Average Value 5% 16% 19.1 16.5 77.7 
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Table B-4. S45-60%-Citric Acid+1%H 
 
Silicate solution 
Type Concentration 
Setting 
agent 
Curing 
time 
(days) 
Hardener 
Volume of 
solutions 
per mold 
Formula of solution 
Part A Part B 
Gel time 
(hours) 
Silicate 
(ml) 
Tap water 
(ml) 
Citric 
Acid 
(mL) 
Tap 
water 
(mL) 
100g/
L 
CaCl2 
(mL) 
S45 60% 
Citric 
acid 
7; 14; 28 N/A ~55mL 60 10 11 18 1 2hrs20mins 
Sample ID. 
Curing time 
(days) 
Water Content 
Before treatment 
Water Content 
After treatment 
Bulk unit 
weight 
(kN/m3) 
Dry unit 
weight 
(kN/m3) 
Unconfined compressive 
strength (kPa) 
S45-60-CA+1H-1 
7 
5% 17% 18.8 16.1 115.6 
S45-60-CA+1H-2 5% 17% 18.7 16.0 110.4 
S45-60-CA+1H-3 5% 16% 18.6 16.0 118.0 
Average  5% 17% 18.7 16.0 111.3 
S45-60-CA+1H-4 
14 
5% 16% 18.9 16.3 133.2 
S45-60-CA+1H-5 5% 17% 19.0 16.3 115.7 
S45-60-CA+1H-6 5% 17% 18.7 16.0 118.2 
Average 5% 17% 18.9 16.2 122.4 
S45-60-CA+1H-7 
28 
5% 17% 19.1 16.3 102.1 
S45-60-CA+1H-8 5% 16% 19.0 16.3 107.2 
S45-60-CA+1H-9 5% 17% 19.1 16.3 107.5 
Average 5% 17% 19.0 16.3 105.7 
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Table B-5 S45-50%-Citric Acid 
 
Silicate solution 
Type Concentration 
Setting 
agent 
Curing 
time 
(days) 
Hardener 
Volume of 
solutions 
per mold 
Formula of solution 
Part A Part B 
Gel time 
(hours) 
Silicate 
(ml) 
Tap water 
(ml) 
Citric Acid 
(mL) 
Tap water 
(mL) 
S45 50% 
Citric 
acid 
1;7; 14; 28 N/A ~55mL 50 20 12 18 4~5 
Sample ID. 
Curing time 
(days) 
Water Content 
Before treatment 
Water Content 
After treatment 
Bulk unit 
weight 
(kN/m3) 
Dry unit 
weight 
(kN/m3) 
Unconfined compressive 
strength (kPa) 
S45-50-CA-23 
1 
5% 17% 18.8 16.1 74.3 
S45-50-CA-24 5% 16% 18.9 16.2 76.3 
Average  5% 17% 18.8 16.2 75.3 
S45-50-CA-1 
7 
5% 15% 18.9 16.4 75.2 
S45-50-CA-2 5% 16% 18.8 16.2 75.3 
S45-50-CA-3 5% 16% 18.7 16.1 73.1 
Average  5% 16% 18.8 16.3 74.5 
S45-50-CA-4 
14 
5% 16% 19.0 16.3 70.0 
S45-50-CA-5 5% 17% 19.0 16.2 74.0 
S45-50-CA-6 5% 17% 18.7 16.0 68.8 
Average  5% 17% 18.9 16.2 71.0 
S45-50-CA-16 
28 
5% 17% 19.1 16.4 77.6 
S45-50-CA-20 5% 18% 19.0 16.1 78.5 
S45-50-CA-21 5% 17% 19.0 16.3 76.7 
Average  5% 17% 19.0 16.3 77.6 
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Table B-6. S45-50%-Citric Acid+1%H 
 
Silicate solution 
Type 
Concentratio
n 
Setting 
agent 
Curing 
time 
(days) 
Hardener 
Volume 
of 
solutions 
per mold 
Formula of solution 
Part A Part B 
Gel time 
(hours) 
Silicate 
(ml) 
Tap 
water 
(ml) 
Citric 
Acid 
(mL) 
Tap 
wate
r 
(mL) 
100g/
L 
CaCl2 
(mL) 
S45 50% 
Citric 
acid 
7; 14; 28 N/A ~55mL 50 20 12 17 1 
1hr40min
s 
Sample ID. 
Curing time 
(days) 
Water Content 
Before treatment 
Water Content 
After treatment 
Bulk unit 
weight 
(kN/m3) 
Dry unit 
weight 
(kN/m3) 
Unconfined compressive 
strength (kPa) 
S45-50-CA+1H-1 
7 
5% 17% 18.8 16.1 104.7 
S45-50-CA+1H-2 5% 18% 18.7 15.9 100.6 
S45-50-CA+1H-3 5% 18% 19.0 16.1 96.4 
Average  5% 18% 18.8 16.0 100.6 
S45-50-CA+1H-4 
14 
5% 17% 19.0 16.2 93.3 
S45-50-CA+1H-5 5% 17% 18.6 15.9 93.2 
Average 5% 17% 18.8 16.0 93.3 
S45-50-CA+1H-6 
28 
5% 17% 18.9 16.1 87.8 
S45-50-CA+1H-7 5% 17% 18.8 16.0 90.4 
Average 5% 17% 18.9 16.1 89.1 
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Table B-7. S45-50%-Triacetin 
 
Silicate solution 
Type 
Concentratio
n 
Setting 
agent 
Curing 
time 
(days) 
Hardener 
Volume of 
solutions 
per mold 
Formula of solution 
Part A Part B 
Gel time 
(hours) 
Silicate 
(ml) 
Tap water 
(ml) 
Triacetin 
(mL) 
Tap water 
(mL) 
S45 50% Triacetin 7; 14; 28 N/A ~55mL 50 30 1 19 4~5 
Sample ID. Curing time (days) 
Water Content 
Before treatment 
Water Content 
After treatment 
Bulk unit 
weight 
(kN/m3) 
Dry unit 
weight 
(kN/m3) 
Unconfined compressive 
strength (kPa) 
S45-50-Tri-4 
7 
5% 16% 18.7 16.2 68.5 
S45-50-Tri-5 5% 17% 18.8 16.1 72.4 
S45-50-Tri-6 5% 16% 18.8 16.2 75.9 
Average Value 5% 16% 18.8 16.1 72.3 
S45-50-Tri-10 
14 
5% 17% 18.8 16.1 77.5 
S45-50-Tri-11 5% 17% 18.7 16.0 76.4 
S45-50-Tri-12 5% 16% 18.8 16.1 85.2 
Average Value 5% 17% 18.8 16.1 79.7 
S45-50-Tri-17 
28 
5% 17% 18.6 15.8 96.0 
S45-50-Tri-18 5% 16% 18.8 16.2 73.4 
S45-50-Tri-19 5% 18% 18.8 15.9 64.3 
Average Value 5% 17% 18.7 16.0 77.9 
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  Table B-8. S45-50%-Triacetin+1%H  
 
 
 
 
 
 
 
Silicate solution 
Type 
Concentratio
n 
Setting 
agent 
Curing 
time 
(days) 
Hardener 
Volume 
of 
solutions 
per mold 
Formula of solution 
Part A Part B 
Gel time 
(hours) 
Silicate 
(ml) 
Tap water 
(ml) 
Triaceti
n (mL) 
Tap 
water 
(mL) 
100g/L 
CaCl2 
(mL) 
S45 50% 
Citric 
acid 
7; 14; 28 N/A ~55mL 50 30 1 18 1 2hrs10mins 
Sample ID. 
Curing time 
(days) 
Water Content 
Before treatment 
Water Content 
After treatment 
Bulk  unit 
weight 
(kN/m3) 
Dry  unit 
weight  
(kN/m3) 
Unconfined compressive 
strength (kPa) 
S45-50-Tri+1H-1 
7 
5% 17% 18.8 16.0 120.6 
S45-50-Tri+1H-2 5% 16% 18.6 16.1 136.4 
S45-50-Tri+1H-3 5% 17% 18.5 15.8 109.0 
Average  5% 17% 18.6 16.0 121.3 
S45-50-Tri+1H-4 
14 
5% 17% 18.8 16.1 138.0 
S45-50-Tri+1H-5 5% 16% 18.7 16.1 137.4 
S45-50-Tri+1H-6 5% 17% 18.6 15.8 123.4 
Average 5% 17% 18.7 16.0 132.9 
S45-50-Tri+1H-7 
28 
5% 16% 19.1 16.4 120.9 
S45-50-Tri+1H-8 5% 17% 19.0 16.1 144.7 
S45-50-Tri+1H-9 5% 17% 18.9 16.1 148.6 
Average 5% 17% 19.0 16.2 138 
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Table B-9. S45-40%-Citric Acid 
 
Silicate solution 
Type Concentration 
Setting 
agent 
Curing 
time 
(days) 
Hardener 
Volume of 
solutions 
per mold 
Formula of solution 
Part A Part B 
Gel time 
(hours) 
Silicate 
(ml) 
Tap water 
(ml) 
Citric Acid 
(mL) 
Tap water 
(mL) 
S45 40% 
Citric 
acid 
1;7; 14; 28 N/A ~55mL 40 10 13 37 4~5 
Sample ID. 
Curing time 
(days) 
Water Content 
Before treatment 
Water Content 
After treatment 
Bulk unit 
weight 
(kN/m3) 
Dry unit 
weight 
(kN/m3) 
Unconfined compressive 
strength (kPa) 
S45-40-CA-23 
1 
5% 18% 18.8 15.9 72.3 
S45-40-CA-24 5% 18% 18.7 15.9 64.6 
Average Value 5% 18% 18.8 15.9 68.4 
S45-40-CA-1 
7 
5% 18% 18.8 16.0 70.5 
S45-40-CA-2* 5% 18% 18.7 15.8 57.1 
S45-40-CA-3 5% 18% 19.0 16.2 68.9 
Average Value 5% 18% 18.8 16.0 69.7 
S45-40-CA-4 
14 
5% 18% 19.0 16.1 65.5 
S45-40-CA-5 5% 18% 19.2 16.3 63.7 
S45-40-CA-6 5% 19% 18.6 15.6 64.0 
Average Value 5% 18% 18.9 16.0 64.4 
S45-40-CA-20 
28 
5% 16% 18.8 16.2 71.3 
S45-40-CA-21 5% 17% 18.9 16.1 71.7 
S45-40-CA-22 5% 18% 18.9 15.9 75.6 
Average Value 5% 17% 18.8 16.1 72.9 
 
*Data was neglected  
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Figure B-1. Stress-Strain relationships for the specimens S45-40%-Citric Acid at curing time 1 day, 7 days, 
14 days, and 28 days. 
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Appendix C. Summaries of Durability test results  
 
Table C-1.  Summary of S45-60%-Citric Acid Durability Test Results 
 
Sample 
Setting 
Agent 
Hardener Curing Time 
S45-60%-CA Citric Acid N/A 7 Days 
S45-60-CA-2  S45-60-CA-3 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight 
losing (%) 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight losing 
(%) 
Original Oven 
Dry mass 
325.4 N/A 
Original 
Oven Dry 
mass 
322.8 N/A 
1 324.4 0.31% 1 321.4 0.43% 
2 323.0 0.74% 2 320.2 0.81% 
3 322.6 0.86% 3 319.8 0.93% 
4 319.2 1.94% 4 307 4.89% 
5 318 2.30% 5 302.3 6.35% 
6(Failed) 236.5 27.34% 6(Failed) 183.5 43.15% 
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Table C-2.  Summary of S45-60%-Citric Acid Durability Test Results 
 
Sample 
Setting 
Agent 
Hardener Curing Time 
S45-60%-CA Citric Acid N/A 28 Days 
S45-60-CA-5  S45-60-CA-7 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight 
losing (%) 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight losing 
(%) 
Original Oven 
Dry mass 
324.8 N/A 
Original 
Oven Dry 
mass 
323.8 N/A 
1 324.5 0.09% 1 323.6 0.06% 
2 323.5 0.40% 2 322.6 0.37% 
3 323.3 0.46% 3 322.3 0.46% 
4 322.7 0.65% 4 322 0.56% 
5 322.5 0.71% 5 321.8 0.62% 
6 322.3 0.77% 6 321.6 0.68% 
7 315.3 2.92% 7 321.6 0.68% 
8  314.5 3.17% 8  321.4 0.74% 
9 313 3.63% 9 321.4 0.74% 
10 311.2 4.19% 10 319.1 1.45% 
11 310.2 4.5% 11 317.8 1.85% 
12 309 4.86% 12 317.5 1.95% 
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Table C-3.  Summary of S45-60%-Citric Acid+1%H Durability Test Results 
 
Sample 
Setting 
Agent 
Hardener Curing Time 
S45-60%-CA+1H Citric Acid 
1% 
(100g/L) 
7 Days 
S45-60-CA+1H-2  S45-60-CA+1H-3 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight 
losing (%) 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight losing 
(%) 
Original Oven 
Dry mass 
327.3 N/A 
Original 
Oven Dry 
mass 
328.5 N/A 
1 325.7 0.49% 1 327.5 0.30% 
2 324.7 0.79% 2 326.6 0.58% 
3 324.2 0.95% 3 326 0.76% 
4 324 1.01% 4 325.9 0.79% 
5 322.8 1.37% 5 324.3 1.28% 
6 317.4 3.02% 6 320.7 2.37% 
7 285.9 12.65% 7 318.1 3.17% 
8  278.2 15% 8  313.9 4.44% 
9(Failed) 248.7 24.01% 9(Failed) 270  17.81% 
10 239.1 26.95% 10 251.3 23.50% 
11 174.2 46.78% 11 232.9 29.10% 
12 174 46.84% 12 231.8 29.44% 
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Table C-4.  Summary of S45-60%-Citric Acid+1%H Durability Test Results 
 
Sample 
Setting 
Agent 
Hardener Curing Time 
S45-60%-CA+1H Citric Acid 
1% 
(100g/L) 
28 Days 
S45-60-CA+1H-7  S45-60-CA+1H-8 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight 
losing (%) 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight losing 
(%) 
Original Oven 
Dry mass 
329.9 N/A 
Original 
Oven Dry 
mass 
322.8 N/A 
1 329.8 0.03% 1 327.2 0.12% 
2 329.3 0.18% 2 326.6 0.31% 
3 329.1 0.24% 3 326.3 0.40% 
4 328.8 0.33% 4 326.3 0.40% 
5 322.9 2.12% 5 319.9 2.20% 
6 319.9 3.03% 6 317.6 2.90% 
7 315.3 4.43% 7 317.3 3.00% 
8  312.4 5.30% 8  317 3.09% 
9 308.9 6.37% 9 316.1 3.36% 
10 301.9 8.49% 10 308.2 5.78% 
11 290.5 11.94% 11 307.5 5.99% 
12 243.7 26.13% 12 304.7 6.85% 
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Table C-5.  Summary of S45-50%-Citric Acid Durability Test Results 
 
Sample 
Setting 
Agent 
Hardener Curing Time 
S45-50%-CA Citric Acid N/A 7 Days 
S45-50-CA-2  S45-50-CA-3 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight 
losing (%) 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight losing 
(%) 
Original Oven 
Dry mass 
323.1 N/A 
Original 
Oven Dry 
mass 
321.1 N/A 
1 318.2 1.52% 1 312.3 2.74% 
2 307.1 4.95% 2 307.1 4.36% 
3(Failed) 130 59.76% 3(Failed) 168.9 47.40% 
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Table C-6.  Summary of S45-50%-Citric Acid Durability Test Results 
 
Sample 
Setting 
Agent 
Hardener Curing Time 
S45-50%-CA Citric Acid N/A 28 Days 
S45-50-CA-7  S45-50-CA-8 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight 
losing (%) 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight losing 
(%) 
Original Oven 
Dry mass 
328.5 N/A 
Original 
Oven Dry 
mass 
329.2 N/A 
1 323.3 1.58% 1 327.7 0.46% 
2 320.9 2.31% 2 326.4 0.85% 
3 296.5 9.74% 3 281.8 14.4% 
4(Failed) 182.8 44.35% 4(Failed) 186 43.50% 
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Table C-7.  Summary of S45-50%-Citric Acid+1%H Durability Test Results 
 
Sample 
Setting 
Agent 
Hardener Curing Time 
S45-50%-CA+1H Citric Acid 
1% 
(100g/L) 
7 Days 
S45-50-CA+1H-2  S45-50-CA+1H-3 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight 
losing (%) 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight losing 
(%) 
Original Oven 
Dry mass 
320.8 N/A 
Original 
Oven Dry 
mass 
322.5 N/A 
1 319.7 0.34% 1 317.5 1.55% 
2 318 0.87% 2 313.3 2.85% 
3 317.5 1.03% 3 310.3 3.78% 
4 317.2 1.12% 4 308.9 4.22% 
5(Failed) 162.2 49.44% 5(Failed) 153.9 52.28% 
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Table C-8.  Summary of S45-50%-Citric Acid+1%H Durability Test Results 
 
Sample 
Setting 
Agent 
Hardener Curing Time 
S45-50%-CA+1H Citric Acid 
1% 
(100g/L) 
28 Days 
S45-50-CA+1H-5 S45-50-CA+1H-6 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight 
losing (%) 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight losing 
(%) 
Original Oven 
Dry mass 
327.5 N/A 
Original 
Oven Dry 
mass 
325.6 N/A 
1 322.4 1.56% 1 325.2 0.12% 
2 319.2 2.53% 2 322.8 0.86% 
3 312.5 4.58% 3 321.2 1.35% 
4 312.3 4.64% 4 320.9 1.44% 
5 (Failed) 171.5 47.63% 5 (Failed) 174.1 46.53% 
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Table C-9.  Summary of S45-50%-Triacetin Durability Test Results 
 
Sample 
Setting 
Agent 
Hardener Curing Time 
S45-50%-Triacetin Triacetin N/A 7 Days 
S45-50-Tri-7 S45-50-Tri-8 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight 
losing (%) 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight losing 
(%) 
Original Oven 
Dry mass 
320 N/A 
Original 
Oven Dry 
mass 
319.8 N/A 
1 318 0.63% 1 315.6 1.28% 
2 314.7 1.66% 2 313 2.10% 
3 314.9 1.59% 3 310 3.03% 
4 307.7 3.84% 4 309.4 3.22% 
5 291.1 9.03% 5 309.2 3.28% 
6(Failed) 225 29.69% 6 295.8 7.48% 
7   7(Failed) 278.9 12.76% 
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Table C-10.  Summary of S45-50%-Triacetin Durability Test Results 
 
Sample 
Setting 
Agent 
Hardener Curing Time 
S45-50%-Triacetin Triacetin N/A 28 Days 
S45-50-Tri-2 S45-50-Tri-3 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight 
losing (%) 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight losing 
(%) 
Original Oven 
Dry mass 
277.5 N/A 
Original 
Oven Dry 
mass 
281.1 N/A 
1 277.1 0.14% 1 280.9 0.07% 
2 274.7 1.01% 2 279.1 0.71% 
3 273.3 1.51% 3 278.6 0.89% 
4 274.1 1.23% 4 278.5 0.92% 
5 273.9 1.30% 5 278.3 1.00% 
6 272.2 1.91% 6 277.8 1.17% 
7 271.9 2.02% 7 277.8 1.17% 
8  271.8 2.05% 8  277.7 1.21% 
9 271.2 2.27% 9 277.3 1.35% 
10 270.6 2.49% 10 270.1 3.91% 
11 268.7 3.17% 11 264.1 6.05% 
12 263.8 4.94% 12 246.3 12.38% 
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Table C-11.  Summary of S45-50%-Triacetin+1%H Durability Test Results 
 
Sample 
Setting 
Agent 
Hardener Curing Time 
S45-50%-Triacetin+1H Triacetin 
1% 
(100g/L) 
7 Days 
S45-50-Tri+1H-2 S45-50-Tri+1H-3 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight 
losing (%) 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight losing 
(%) 
Original Oven 
Dry mass 
325.9 N/A 
Original 
Oven Dry 
mass 
326 N/A 
1 322.8 0.95% 1 321.1 1.50% 
2 320.4 1.69% 2 318.7 2.24% 
3 319.5 1.96% 3 318.3 2.36% 
4 318.5 2.27% 4 317.9 2.48% 
5 318.5 2.27% 5 317.6 2.58% 
6 318.1 2.39% 6 317.3 2.67% 
7 317.9 2.45% 7 316.4 2.94% 
8  317 2.73% 8  315.9 3.10% 
9 316.6 2.85% 9 311.1 4.15% 
10 302.2 7.27% 10 309.3 5.12% 
11 295.3 9.39% 11 238.6 26.81% 
12 289.3 11.23% 12 238.5 26.84% 
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Table C-12.  Summary of S45-50%-Triacetin+1%H Durability Test Results 
 
Sample 
Setting 
Agent 
Hardener Curing Time 
S45-50%-Triacetin+1H Triacetin 
1% 
(100g/L) 
28 Days 
S45-50-Tri+1H-6 S45-50-Tri+1H-8 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight 
losing (%) 
Cycle 
Remaining 
Weight (g) 
Cumulative        
Weight losing 
(%) 
Original Oven 
Dry mass 
328 N/A 
Original 
Oven Dry 
mass 
330.6 N/A 
1 327.3 0.21% 1 330.5 0.03% 
2 325.4 0.79% 2 328.7 0.57% 
3 324.8 0.98% 3 328.5 0.64% 
4 324.7 1.01% 4 328 0.79% 
5 322.7 1.62% 5 327.9 0.82% 
6 322.5 1.68% 6 327.7 0.88% 
7 322 1.83% 7 326.6 1.21% 
8  320.2 2.38% 8  326.5 1.24% 
9 305.6 6.83% 9 326.2 1.22% 
10(Failed) 296.1 9.73% 10 323.2 2.24% 
11 296.1 9.73% 11 321.4 2.78% 
12 296.1 9.73% 12 320.9 2.93% 
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Appendix D. Summaries of Hydraulic conductivity test results 
 
                                                     
2 Hydraulic Gradient applied for sample S45-50%-Tri-7DS was 17. 
 
Sample ID 
Curing Time 
(Days) 
Hydraulic 
Gradient, i 
Flow Volume, Q 
(ml) 
Time, t 
(s) 
Flow rate, q 
(cm3/s) 
Hydraulic 
Conductivity,k 
(m/s) 
S45-60%-CA 
7 
14 
0.3 300 1x10-3 3.63x10-8 
28 0.3 60 5x10-3 1.82x10-7 
S45-50%-CA 
7 0.8 300 2.67x10-3 9.72x10-8 
28 3.25 300 1x10-2 3.64x10-7 
S45-50%-
CA+1%H 
7 0.2 300 6.67x10-4 2.42x10-8 
28 0.85 300 2.83x10-3 1.03x10-7 
S45-50%-Tri2 
7 0.95 300 3.17x10-3 9.47x10-8 
28 1.05 300 3.5x10-3 1.27x10-7 
S45-50%-
Tri+1%H 
7 0.2 600 3.33x10-4 1.21x10-8 
28 0.25 60 4.17x10-3 1.51x10-7 
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